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A B S T R A C T
T h e  p u r p o s e  o f  t h i s  s t u d y  w a s  t h e  i n v e s t i g a t i o n  
of  t h i n - w a l l e d  s t r e s s e d - s k i n  s h e e t  p y r a m i d s  f o r  u s e  
a s  s t r u c t u r a l  e l e m e n t s  i n  l i g h t w e i g h t  r o o f  s y s t e m s .
E x p l o r a t o r y  t e s t s  w e r e  c a r r i e d  o u t  o n  c o m m e r c i a l l y  
p r o d u c e d  g l a s s  r e i n f o r c e d  p o l y e s t e r  ( G R P )  h e x a g o n a l -  
b a s e  p y r a m i d s  t o  d e t e r m i n e  t h e  b e h a v i o u r  of  t h i n - s h e e t  
u n i t s  u n d e r  lo a d .  T h e  u n i t s  w e r e  f o u n d  to  a c t  m a i n l y  
i n  t h e  l a r g e  d e f l e c t i o n  a n d  p o s t - b u c k l e d  r a n g e s .
A r e v i e w  of  t h e  r e l e v a n t  l i t e r a t u r e  w a s  m a d e ,  w i t h  
m u c h  o f  t h e  i n f o r m a t i o n  o r i g i n a t i n g  f r o m  t h e  f i e ld  
o f  a e r o n a u t i c a l  e n g i n e e r i n g .
T h e  c a l c u l a t i o n  o f  t h e  c r i t i c a l  b u c k l i n g  lo ad  o f  t h e  
t r a p e z o i d a l  p l a t e s  u n d e r  u n i f o r m l y  d i s t r i b u t e d  lo ad  a t  
t h e  a p e x  a n d  b a s e  w a s  c a r r i e d  o u t  u s i n g  t h e  m e t h o d  o f  
c o l l o c a t i o n .
S e v e r a l  e f f e c t i v e  w i d t h  f o r m u l a s  d e v e l o p e d  f o r  
s i m p l y  s u p p o r t e d  b u c k l e d  r e c t a n g u l a r  p l a t e s  i n  c o m p r e s s  
w e r e  a p p l i e d  t o  t h e  r e s u l t s  o f  t e s t s  o n  a  f u l l - s c a l e  
h e x a g o n a l - b a s e  u n i t .  To t h e s e  w a s  a d d e d  a  f o r m u l a  f o r  
t h e  e f f e c t i v e  w i d t h  of  a  b u c k l e d  p l a t e ,  p r o p o s e d  b y  t h e
a u t h o r .  T h i s  f o r m u l a  t o o k  i n t o  a c c o u n t  t h e  g e o m e t r y  
of  t h e  t r a p e z o i d a l  p l a t e .
U l t i m a t e  lo ad  t e s t s  w e r e  c a r r i e d  o u t  o n  f o u r  G R P  
p y r a m i d s  t o  d e t e r m i n e  t h e  a c c u r a c y  of  t h e  e f f e c t i v e  
w i d t h  f o r m u l a s  w h e n  a p p l i e d  t o  p r a c t i c a l  s t r u c t u r e s  
c o n t a i n i n g  v a r i a t i o n s  i n  t h i c k n e s s  a n d  m e c h a n i c a l  . 
p r o p e r t i e s .
T h e  r e s u l t s  o f  t e s t s  o n  i n d i v i d u a l  p y r a m i d s  w e r e  
u s e d  t o  d e v e l o p  a  m e t h o d  of  a n a l y s i s  f o r  s t r u c t u r e s  
c o m p o s e d  of  m a n y  p y r a m i d s  b y  a s s u m i n g  t h a t  t h e  
p y r a m i d a l  e l e m e n t s  w e r e  e q u i v a l e n t  p i n - c o n n e c t e d  
s k e l e t o n  s p a c e  f r a m e s .  T h e  a n a l y s i s  w a s  t h e n  c a r r i e d  
o u t  by  e s t a b l i s h e d  m e t h o d s  d e v e l o p e d  f o r  s u c h  s k e l e t o n  
s t r u c t u r e s .
T h e  r e s u l t s  o f  t h i s  a p p r o x i m a t e  m e t h o d  o f  a n a l y s i s  
a p p l i e d  t o  t h e  p y r a m i d a l  s t r u c t u r e s  w e r e  c o m p a r e d  w i t h  
t h e  r e s u l t s  of  t e s t s  o n  tw o  p r o t o t y p e  s t r u c t u r e s ,  a 
s t r e s s e d - s k i n  s p a c e  g r i d  a n d  a  s t r e s s e d - s k i n  b a r r e l  v a u l t .
C o n c l u s i o n s  w e r e  d r a w n ,  a n d  s u g g e s t i o n s  w e r e  m a d e  
f o r  f u t u r e  r e s e a r c h  i n t o  s o m e  of  t h e  p r o b l e m s  e n c o u n t e r e d .
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6C H A P T E R  I 
P y r a m i d s  i n  R oof  S y s t e m s
I n t r o d u c t i o n
T h e  u s e  o f  t h e  p y r a m i d a l  s h a p e  a s  a  m e a n s  o f
e n c l o s i n g  s p a c e  i s  a s  o l d  a s  b u i l d i n g  h i s t o r y .  T h e
m a i n  e v o l u t i o n a r y  d e v e l o p m e n t  h a s  b e e n  t h e  r e d u c t i o n
in  t h e  m a s s i v e n e s s  o f  t h e  t r i a n g u l a r  e l e m e n t s  t h a t  f o r m
t h e  p y r a m i d s .  T h i s  h a s  c l o s e l y  f o l l o w e d  t h e  d e v e l o p m e n t s
in  m a t e r i a l s  f r o m  w h i c h  t h e  s t r u c t u r e s  c a n  b e  m a d e .
N o n - p r i s m a t i c  h i p p e d - p l a t e  s t r u c t u r e s  i n  r e i n f o r c e d
c o n c r e t e  w e r e  a m o n g  t h e  e a r l i e s t  p y r a m i d a l  s t r u c t u r e s
u s i n g  t r i a n g u l a r  e l e m e n t s  w h o s e  t h i c k n e s s  c o u l d  b e
c o n s i d e r e d  s m a l l  i n  c o m p a r i s o n  w i t h  t h e  o t h e r  d i m e n s i o n s .
H o w e v e r ,  t h e  t h i c k n e s s e s  w e r e  s t i l l  g r e a t  e n o u g h  f o r  t h e
a n a l y s i s  t o  b e  c a r r i e d  o u t  by  m e a n s  of  e l a s t i c  t h e o r y  a s s u m i n g
s m a l l  d e f l e c t i o n s .  . S u c h  s t r u c t u r e s  a r e  u s u a l l y  c o m p o s e d
of  a  s i n g l e  p y r a m i d a l  u n i t ,  s u p p o r t e d  a r o u n d  t h e  b a s e
p e r i m e t e r .  B o r n  d e s c r i b e d  s o m e  of  t h e  a p p r o x i m a t e
m e t h o d s  of  a n a l y s i s  w h i c h  a r e  u s e d  in  t h e  d e s i g n  o f  t h e
r e i n f o r c e d  c o n c r e t e  s t r u c t u r e s .
T h e  i n v e s t i g a t i o n  of  a  p y r a m i d a l  r o o f  s t r u c t u r e  m a d e
2
f r o m  t i m b e r  w a s  r e c e n t l y  r e p o r t e d  b y  H e n d r y .  I n  t h i s
s t r u c t u r e  tw o  t e t r a h e d r a  w e r e  j o i n e d  t o g e t h e r  t o  a c t  a s  
a  t h r e e - d i m e n s i o n a l  t h r e e - p i n n e d  a r c h .
W h e n  t h i n  s h e e t s  a r e  u s e d  to  f o r m  t h e  t r i a n g u l a r  
p l a t e s  t h e  s c a l e  of  t h e  p y r a m i d s  c a n  b e  d i m i n i s h e d  a n d  
s t r u c t u r e s  c a n  b e  f o r m e d  f r o m  m a n y  s m a l l  p y r a m i d s ,  j o i n e d  
t o g e t h e r  a t  t h e  b a s e s ,  a n d  w i t h  t h e  a p e x e s  i n t e r c o n n e c t e d  
by  t u b u l a r  s t r u t s .
T h e  m o s t  p r o m i s i n g  m a t e r i a l s  p r e s e n t l y  a v a i l a b l e
3
a r e  p ly w o o d ,  a l u m i n i u m  a n d  r e i n f o r c e d  p l a s t i c s .  B o o t h  
4  5
a n d M a k o w s k i  ’ g i v e  d e t a i l e d  a c c o u n t s  of  s t r u c t u r e s  
m a d e  f r o m  t h e s e  m a t e r i a l s .  As a  r e s u l t  o f  u s i n g  t h i n  
s h e e t s ,  t h e  p y r a m i d s  a r e  f o r m e d  i n t o  v e r y  l i g h t w e i g h t  
r o o f  s y s t e m s  w h i c h  a c h i e v e  s t i f f n e s s  t h r o u g h  g e o m e t r y  
r a t h e r  t h a n  m a s s .
A d v a n t a g e s  a n d  d i s a d v a n t a g e s  of  p y r a m i d a l  r o o f  s y s t e m s  
M o d e r n  b u i l d i n g  m e t h o d s  r e q u i r e  c o m p o n e n t s  w h i c h  
c a n  b e  m a s s - p r o d u c e d  in  c o n t r o l l e d  f a c t o r y  c o n d i t i o n s ,  
f r e e  f r o m  t h e  i n f l u e n c e  of  f l u c t u a t i n g  w e a t h e r  c o n d i t i o n s .  
S h e e t  p y r a m i d s  c a n  b e  m a d e  t o  a  s c a l e  s u c h  t h a t  t h i s  i s  
e a s i l y  d o n e .  W h e n  f a b r i c a t e d ,  t h e y  n e s t  e a s i l y  t o  a l l o w  
f o r  e f f i c i e n t  t r a n s p o r t  t o  t h e  b u i l d i n g  s i t e .  O n c e  t h e r e ,  
t h e  l i g h t  w e i g h t  of  s u c h  c o m p o n e n t s  a l l o w s  c o n v e n i e n t  
a s s e m b l y  a n d  e r e c t i o n  w i t h  t h e  m i n i m u m  of  s c a f f o l d i n g .
I n  s o m e  c a s e s  t h e  w h o l e  r o o f  s y s t e m  c a n  b e  c o n s t r u c t e d
o n  t h e  g r o u n d  l e v e l  a n d  h o i s t e d  i n t o  p l a c e  w i t h  a  c r a n e .
A n o t h e r  a d v a n t a g e  g a i n e d  by  t h e  u s e  of  t h e  s h e e t  
p y r a m i d s  i s  t h e  f a c t  t h a t  t h e  s h e e t s  of  t h e  p y r a m i d s  a r e  
u s e d  b o t h  a s  w e a t h e r  p r o t e c t i o n  a n d  a s  s t r u c t u r a l  
e l e m e n t s .
T h e  m a i n  d r a w b a c k  in  u s i n g  t h e  p y r a m i d a l  r o o f  s y s t e m  
is  t h e  l a r g e  n u m b e r  of  s t r u c t u r a l  j o i n t s  r e q u i r e d  b o t h  in  
t h e  f o r m a t i o n  o f  t h e  p y r a m i d s  a n d  in  t h e  c o n n e c t i o n s  
b e t w e e n  p y r a m i d s ,  w i t h  t h e  s u b s e q u e n t  p r o b l e m  o f  
w a t e r p r o o f i n g .  T h i s  i s  p a r t l y  s o l v e d  by  t h e  u s e  of  p y r a m i d s  m a d e  
f r o m  g l a s s  r e i n f o r c e d  p o l y e s t e r  r e s i n s  (G R P )  w h i c h  c a n  b e  
m o u l d e d  i n  o n e  p i e c e  t o  e l i m i n a t e  t h e  p r o b l e m  of  
w a t e r p r o o f i n g  t h e  i n c l i n e d  j u n c t i o n s  b e t w e e n  t h e  p y r a m i d  w a l l s .
. 3  U n i t  a n d  r o o f  f o r m s
I t  is  p o s s i b l e  t o  c o m b i n e  p y r a m i d s  of  d i f f e r e n t  s h a p e s  a n d  
s i z e s  i n  a  r o o f  s y s t e m  b u t  m a s s  p r o d u c t i o n  m e t h o d s  w i l l  
d i c t a t e  t h e  u s e  o f  l a r g e  n u m b e r s  of  u n i t s  of  t h e  s a m e  s h a p e  
a n d  d i m e n s i o n s .  O n l y  t r i a n g u l a r ,  s q u a r e ,  r e c t a n g u l a r  
a n d  h e x a g o n  a  I - b a s e  p y r a m i d s  c a n  b e  i n t e r c o n n e c t e d  w i t h  
s i m i l a r  u n i t s  t o  c o v e r  a n  a r e a  w i t h o u t  i n t e r n a l  g a p s .
W h i l e  p a r t i c u l a r  c i r c u m s t a n c e s  m a y  s u g g e s t  o t h e r w i s e ,  
o n l y  r e g u l a r  p o l y g o n a l  b a s e  s h a p e s  a r e  c o n s i d e r e d  h e r e .
T h e  tw o  r o o f  f o r m s  w h i c h  c a n  b e  b u i l t  f r o m  i d e n t i c a l  
p y r a m i d s  a r e  f l a t  r o o f s  a n d  r o o f s  o f  s i n g l e  c u r v a t u r e .
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9T r i a n g u l a r  a n d  s q u a r e - b a s e  p y r a m i d s  c a n  b e  u s e d  
i n  b o t h  r o o f  f o r m s  w i t h o u t  m o d i f i c a t i o n ,  b u t  h e x a g o n a l - b a s e  
p y r a m i d s  m u s t  b e  d e f o r m e d  t o  f i t  a  c u r v e d  s u r f a c e .  T h e  
g e o m e t r y  of  t h i s  d e f o r m a t i o n  i s  d i s c u s s e d  in  C h a p t e r  6.
S o m e  e x a m p l e s  of  f l a t  a n d  c u r v e d  r o o f s  a r e  s h o w n  in  
F ig .  1.1. To a c h i e v e  t h e  t r a n s i t i o n  f r o m  t h e  f l a t  r o o f  
t o  t h e  c u r v e d  r o o f ,  i t  i s  n e c e s s a r y  o n l y  t o  c h a n g e  t h e  
l e n g t h s  o f  t h e  m e m b e r s  j o i n i n g  t h e  a p e x e s  of  t h e  t r i a n g u l a r  
a n d  s q u a r e - b a s e  p y r a m i d s .
1 .4  P y r a m i d  p r o p o r t i o n s
T h e r e  a r e  s e v e r a l  p a r a m e t e r s  a v a i l a b l e  t o  d e s c r i b e  
t h e  t y p e  of  p y r a m i d  a n d  i t s  r e l a t i v e  p r o p o r t i o n s .  T h e y  
a r e  t h e  l i n e a r  d i m e n s i o n s  d, h ,  r ,  L a n d  h p ; t h e  a n g u l a r  
d i m e n s i o n s  oC , 8 ,  S , 6 :a n d  n ,  t h e  n u m b e r  o f  
s i d e s  of  t h e  b a s e .  T h e s e  a r e  s h o w n  i n  F ig .  1 . 2. T h e  
p a r a m e t e r s  a r e  i n t e r - r e i a t e d ,  a n d  a s  t h r e e  a r e  s u f f i c i e n t  
t o  c o m p l e t e l y  d e f i n e  t h e  p y r a m i d ,  s e v e r a l  c h o i c e s  a r e  a v a i l a b l e .  
I n  a l l  c a s e s  t h e  p a r a m e t e r  n ,  i s  n e c e s s a r y  t o  d e s c r i b e  t h e
z:
t y p e  of  p y r a m i d .  T h e n ,  a s  s u g g e s t e d  by  R o b a k ,  o n e  
l i n e a r  d i m e n s i o n  s e t s  t h e  s i z e ,  a n d  o n e  a n g u l a r  d i m e n s i o n  
s e t s  t h e  p r o p o r t i o n s .
i t  i s  v e r y  d i f f i c u l t  t o  c h o o s e  t h e  r a n g e  of  a e s t h e t i c a l l y
s u i t a b l e  p y r a m i d  p r o p o r t i o n s  b e c a u s e  o f  p e r s o n a l
F f a t  / ? o o  iAs C u r v e d  R o o f s
*
i
\)
8
i
<o
f i t f f . / L ' l  P o r t i o n s  o f  f q p / c o !  K O o f  f o r m s  u s 'm y  p y r a m i d s  cu /^A ,  
f r / ' o n j u / o r f  s q u a r e  o n c t  h e x a j o n c t i  b a s e s .
11
p r e f e r e n c e .  H o w e v e r  t h e  a u t h o r  c h o s e  t h e  l i m i t i n g
c a s e s  s h o w n  i n  F ig .  1 .3  a f t e r  a  s t u d y  of  a  n u m b e r  of
p a p e r  m o d e l s .  T h e  d r a w i n g s  r e p r e s e n t  t h e  e l e v a t i o n
2
v i e w s  of  p y r a m i d s  c o v e r i n g  a  p l a n  a r e a  o f  IO f t .  T h e  
r a n g e s  of  t h e s e  l i m i t i n g  c a s e s  a r e  g i v e n  in  t e r m s  of  t h e  
p a r a m e t e r  Y  , t h e  a n g l e  of  i n c l i n a t i o n  b e t w e e n  t h e  
t r i a n g u l a r  p y r a m i d a l  w a l l  a n d  t h e  b a s e ,  in  T a b l e  1.1.
TABLE 1.1
i
No. of Sides
n
Y magi mu nt 
(degrees)
Y minim urn 
(degrees)
a  ar
(degrees)
3 6 5 GO 5
4 GO 50 /o
G 50 3 0 z o
I t  i s  o b v i o u s  t h a t  t h e  g r e a t e r  t h e  n u m b e r  of  s i d e s ,  t h e  
g r e a t e r  i s  t h e  u s e f u l  r a n g e  of  s t r u c t u r a l  d e p t h s  
a v a i l a b l e  t o  t h e  d e s i g n e r .
A n o t h e r  f a c t o r  of  p r a c t i c a l  i m p o r t a n c e  t o  b e  c o n s i d e r e d  
in  c h o o s i n g  t h e  t y p e  of  p y r a m i d  i s  t h e  t o t a l  a m o u n t  of  
s u r f a c e  a r e a  n e c e s s a r y  t o  f o r m  t h e  u n i t .  T h i s  d e t e r m i n e s  
t h e  a m o u n t  of  s h e e t  m a t e r i a l  r e q u i r e d .
A r i g h t  c i r c u l a r  c o n e  c o v e r s  a  g i v e n  p l a n  a r e a  a t  a 
g i v e n  s t r u c t u r a l  d e p t h  w i t h  t h e  m i n i m u m  s u r f a c e  a r e a .
I t  m a y  b e  c o n s i d e r e d  a  p y r a m i d  w i t h  a n  i n f i n i t e  n u m b e r  of

s i d e s .  Of  t h e  t h r e e  f o r m s  c o n s i d e r e d ,  t h e  h e x a g o n a l - b a s e  
. p y r a m i d  c o m e s  c l o s e s t  t o  t h e  i d e a l  c a s e .
T h e  s u r f a c e  a r e a  o f  a  p y r a m i d  i s  g i v e n  by  t h e  f o r m u l a
A„ = n L h
5  —
w h e r e  n  = t h e  n u m b e r  of  s i d e s
L = t h e  l e n g t h  of  o n e  s i d e
h  = t h e  h e i g h t  o f  a  t r i a n g u l a r  w a l l .
F o r  a n y  r e g u l a r  p o l y g o n  o f  n  s i d e s ,
L = 2 r  t a n  ( l 8 0 ° / n )
w h e r e  r  = t h e  r a d i u s  of  a n  i n s c r i b e d  c i r c l e .
T h e r e f o r e ,
A = n  t a n  ( l 8 0 ° / n ) r h
s
f o r  a n y  p y r a m i d .  T h e  s u r f a c e  a r e a  o f  a  c o n e  is
A„ = i r r h
s
I n  t h i s  w a y  t h e  s u r f a c e  a r e a s  of  t h e  t h r e e  p y r a m i d  s h a p e s
c o n s i d e r e d  a n d  t h e  c o n e  w e r e  r e p r e s e n t e d  b y  r h  t i m e s
a  f a c t o r  w h i c h  w a s  d i f f e r e n t  f o r  e a c h  c a s e .  S i m i l a r l y ,  t h e
2
p l a n  a r e a s ,  A, w e r e  r e p r e s e n t e d  by  r  t i m e s  t h e  s a m e  s e t
of  f a c t o r s .  T h u s ,  t h e  r a t i o  o f  A /A w a s  e q u a l  t o  h / r ,  w h i c h
s
w a s  e q u a l  t o  s e c  Y. T h e  r a t i o s  of  A /A  f o r  t h e  
a e s t h e t i c a l l y  s u i t a b l e  r a n g e s  a r e  g i v e n  in  T a b l e  1 .2 .
TABLE 1 .2
H
No . of sides
n A$ A
X
(degrees)
As/ sec ¥
<4
3 3f3  r h 3 1 / 3  + <oO
6 5
:z o a o  
Z. 3GG
4 4  r h 4 o 
o / .  556 
Z . ooo
6 z\[3 r h 3 050
. / .  /55  
A 557
T h i s  s h o w e d  t h a t  t h e  h e x a g o n a l - b a s e  p y r a m i d  g a v e  t h e  
m o s t  e f f i c i e n t  s u r f a c e  c o v e r  f o r  a  g i v e n  p l a n  a r e a .
B e a r i n g  in  m i n d  t h e  p o i n t s  m e n t i o n e d  a b o v e ,  a n d  
a c c e p t i n g  t h a t  m a n y  p r o b l e m s  in  t h e  a n a l y s i s  of  s u c h  
s t r u c t u r e s  a r e  c o m m o n  t o  a l l  t h r e e  t y p e s  o f  p y r a m i d ,  
t h e  t h e s i s  i s  c o n c e r n e d  a l m o s t  e x c l u s i v e l y  w i t h  h e x a g o n a l - b a s e  
p y r a m i d s .  At t i m e s  w h e n  a  d i f f e r e n c e  in  b e h a v i o u r  w a s  
k n o w n  to  e x i s t ,  t h i s  w a s  n o t e d .  T h e  a n g l e  V  w a s  
3 0  d e g r e e s  f o r  a l l  p y r a m i d s .
5  M e t h o d s  o f  a n a l y s i s
V i r t u a l l y  n o  i n f o r m a t i o n  i s  a v a i l a b l e  o n  t h e  p r e c i s e  
a n a l y s i s  o f  s t r e s s e d - s k i n  p y r a m i d a l  s t r u c t u r e s .  M o s t  of  
t h e  a n a l y t i c a l  w o r k  o n  s u c h  s t r u c t u r e s  h a s  b e e n  d o n e  by  
M a k o w s k i  4 . H i s  m e t h o d ,  w h i c h  i s  a p p r o x i m a t e ,  w a s  to  
u s e  n u m e r i c a l  f a c t o r s  d e t e r m i n e d  f r o m  u l t i m a t e  l o a d  
t e s t s  o n  i n d i v i d u a l  p r o t o t y p e  p y r a m i d s  t o  r e l a t e  t h e  s t r e n g t h  
o f  t h e  s h e e t  p y r a m i d  w i t h  t h e  t h e o r e t i c a l  u l t i m a t e  l o a d  of  
a  s k e l e t o n  s y s t e m .  T h i s  m e t h o d  w a s  u s e d  i n  t h e  d e s i g n  
of a  s p a c e  g r i d  u s i n g  s q u a r e - b a s e  a l u m i n i u m  p y r a m i d s .
T h e  m e m b e r  l o a d s  w e r e  d e t e r m i n e d  by  f i r s t  c o n s i d e r i n g  
t h e  s t r e s s e d - s k i n  s y s t e m  a s  a  g r i d  of  e l a s t i c a l l y  
e q u i v a l e n t  i n t e r s e c t i n g  b e a m s  c o i n c i d i n g  w i t h  t h e  l i n e s  
o f  t h e  p y r a m i d s .  T h e  b e n d i n g  m o m e n t  a n d  s h e a r i n g  f o r c e  
d i a g r a m s  w e r e  t h e n  d e t e r m i n e d  f o r  t h e  e q u i v a l e n t  s t r u c t u r e .  
T h e  m e m b e r s  f o r m i n g  t h e  u p p e r  a n d  l o w e r  l a y e r s  of  t h e  
s t r e s s e d - s k i n  g r i d  w e r e  d e s i g n e d  to  w i t h s t a n d  t h e  b e n d i n g  
m o m e n t s ,  a n d  t h e  d i a g o n a l  m e m b e r s  c a r r i e d  t h e  s h e a r i n g  
f o r c e s .
T h e  m a i n  d i f f i c u l t y  w i t h  t h i s  a p p r o a c h ,  a s  i s  a l s o  t h e  
c a s e  w h e n  s t r u c t u r e s  w i t h  d i s c r e t e  m e m b e r s  a r e  
a p p r o x i m a t e d  by  e q u i v a l e n t  p l a t e s  o r  s h e l l s ,  i s  t h e  c h o i c e  
of  t h e  e q u i v a l e n t  p r o p e r t i e s .  T h i s  i s  e s p e c i a l l y  t r u e  of 
t h e  p y r a m i d a l  r o o f  s y s t e m s  b e c a u s e  t h e y  c o m b i n e  
d i s c r e t e  m e m b e r s  w i t h  c o n t i n u o u s  f o l d e d  p l a t e  e l e m e n t s .
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R e c e n t  w o r k  o n  s q u a r e  b a s e d  p y r a m i d s  w a s  d o n e  by  W o n g  
i n  w h i c h  h e  s t u d i e d  t h e  b e h a v i o u r  o f  u n i t s  w i t h  t r i a n g u l a r  
p l a t e s  t h i c k  e n o u g h  to  a c t  o n l y  in  t h e  p l a n e  s t r e s s  r e g i o n .
He f o u n d  t h a t  w i t h o u t  t a k i n g  t h e  b u c k l i n g  p h e n o m e n o n  i n t o  
c o n s i d e r a t i o n  t h e  s h e e t  p y r a m i d s  c o u l d  b e  s u b s t i t u t e d  b y  
a  s t r u c t u r e  of  d i s c r e t e  p i n - c o n n e c t e d  m e m b e r s .  W i t h  t h e  
p r o p e r  c h o i c e  o f  c r o s s - s e c t i o n a l  a r e a s , t h e s e  w e r e  a n a l y s e d
by  m e t h o d s  d e v e l o p e d  f o r  s k e l e t o n  s t r u c t u r e s .  To d o  t h i s ,  
t h e  t r i a n g u l a r  s i d e s  w e r e  d i v i d e d  i n t o  t h r e e  e q u a l  p o r t i o n s
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by  l i n e s  j o i n i n g  t h e  c o r n e r s  t o  t h e  c e n t r o i d .  E a c h  a r e a  
w a s  a s s i g n e d  t o  t h e  j u n c t i o n  to  w h i c h  it  w a s  a t t a c h e d .
T h e  t o t a l  s u r f a c e  a r e a  a t  e a c h  j u n c t i o n  w a s  t h e n  
m u l t i p l i e d  b y  t h e  t h i c k n e s s  of  t h e  p l a t e  t o  g i v e  a n  e f f e c t i v e  
v o l u m e  of  s t r u t ,  w h i c h  w a s  d i v i d e d  by  t h e  s t r u t  l e n g t h  to  
g i v e  t h e  e f f e c t i v e  a r e a .  T h i s  m e t h o d  a s s u m e d  t h a t  t h e  
w h o l e  of  t h e  t r i a n g u l a r  p l a t e  w a s  a c t i v e  i n  c a r r y i n g  
b o t h  t e n s i o n  a n d  c o m p r e s s i o n  l o a d s .
1 . 6  O u t l i n e  of  R e s e a r c h
T h e  p u r p o s e  of  t h i s  i n v e s t i g a t i o n  i s  t o  e x t e n d  t h e
a n a l y s i s  of  s t r e s s e d - s k i n  p y r a m i d a l  r o o f  s y s t e m s  f o r  t h e
c a s e  w h e n  t h e  t h i n  s h e e t s  of  t h e  p y r a m i d  w a l l s  a r e  a c t i n g
i n  t h e  p o s t - b u c k l i n g  r a n g e .
T h e  f i r s t  p a r t  o f  t h i s  t h e s i s  i s  c o n c e r n e d  w i t h  t h e
e x p l o r a t o r y  t e s t i n g  of  g l a s s  r e i n f o r c e d  p o l y e s t e r  (G R P )
p y r a m i d s  f r o m  a  c o m m e r c i a l l y  a v a i l a b l e  r o o f  s y s t e m .  T h i s
i s  f o l l o w e d  by  a  s t a t e m e n t  of  t h e  p r o b l e m s  i n v o l v e d  i n
a n a l y s i n g  t h i n - s h e e t  s t r u c t u r e s ,  a  r e v i e w  of  t h e  a v a i l a b l e
m e t h o d s  of  a n a l y s i s ,  a n d  t h e  p r e s e n t a t i o n  of  a  m e t h o d  of
a n a l y s i s  f o r  b u c k l e d  t r a p e z o i d a l  p l a t e s .
I n  t h e  n e x t  s e c t i o n  t h e  a n a l y s i s  i s  c o m p a r e d  w i t h
t h e  e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  f r o m  d e t a i l e d  t e s t s
o n  i n d i v i d u a l  p l a s t i c s . p y r a m i d s .
T h e  f i n a l  p o r t i o n  of  t h e  t h e s i s  c o n t a i n s  t h e  a p p l i c a t i o n
of  t h e  p r o p o s e d  t h e o r e t i c a l  a n a l y s i s  f o r  b u c k l e d  
t r a p e z o i d a l  p l a t e s  t o  t h e  a n a l y s i s  of  tw o  f u l l  s c a l e  r o o f  
s y s t e m s :  a  s t r e s s e d - s k i n  s p a c e  g r i d ,  a n d  a  s t r e s s e d - s k i n  
b a r r e l  v a u l t .  T h e s e  s t r u c t u r e s  w e r e  m a d e  f r o m  g l a s s  
r e i n f o r c e d  p o l y e s t e r  r e s i n  p y r a m i d s  a n d  a l u m i n i u m  
t u b u l a r  s t r u t s .
S i x  d i f f e r e n t  G R P  p y r a m i d s  w e r e  u s e d  i n  t e s t s  o n
i n d i v i d u a l  u n i t s  a n d  a  l i s t  is  g i v e n  h e r e  f o r  r e f e r e n c e
p u r p o s e s  w i t h  a  b r i e f  d e s c r i p t i o n  of  t h e  t e s t s  i n  w h i c h
t h e y  w e r e  u s e d .  T h e y  a r e  d e s c r i b e d  i n  d e t a i l  i n  t h e
a p p r o p r i a t e  s e c t i o n s  o f  t h e  t h e s i s .
P y r a m i d  No. 1 - A  *  u s e d  i n  t h e  f i r s t  s t a g e  e x p l o r a t o r y
t e s t s  o f  C h a p t e r  2.
P y r a m i d  No. 1 - B  -  p y r a m i d  No. 1 - A  w i t h  t h e  c e n t r a l
p o r t i o n s  o f  t h e  t r a p e z o i d a l  p l a t e s  
r e m o v e d  -  u s e d  i n  t h e  f i r s t  s t a g e  
e x p l o r a t o r y  t e s t s  of  C h a p t e r  2.
P y r a m i d  No. 2 -  u s e d  f o r  t h e  u l t i m a t e  lo ad  t e s t  of  a
c o m p l e t e  p y r a m i d ,  f i r s t  s t a g e  e x p l o r a t o r y  
t e s t s , -  C h a p t e r  2, a n d  C h a p t e r  5.
P y r a m i d  No. 3  -  u s e d  f o r  d e f l e c t i o n  s t u d i e s  of  t r a p e z o i d a l
p l a t e s  f o r  v e r t i c a l  a p e x  l o a d s  u p  t o  1 5 0 0  
lb. a n d  f o r  t h e  t e s t s  of  u n i f o r m l y  
d i s t r i b u t e d  n o r m a l  load  o n  t h e  t r a p e z o i d a l  
p l a t e  -  s e c o n d  s t a g e  e x p l o r a t o r y  t e s t s ,  
C h a p t e r  2.
P y r a m i d  No. 4  -  u s e d  f o r  t h e  u l t i m a t e  load  t e s t  of  a
p y r a m i d  w i t h  u n r e i n f o r c e d  j u n c t i o n s ,  
C h a p t e r  5.
P y r a m i d  N o .  5
P y r a m i d  N o .  6
u s e d  f o r  t h e  u l t i m a t e  l o a d  t e s t  of  
a  p y r a m i d  w i t h  r e i n f o r c e d  j u n c t i o n s ,  
C h a p t e r  5 .
u s e d  f o r  t h e  u l t i m a t e  lo a d  t e s t  of  a  
p y r a m i d  w i t h  r e i n f o r c e d  j u n c t i o n s ,  
C h a p t e r  5 .
1 9
C H A P T E R  2 
E x p l o r a t o r y  T e s t s  o n  I n d i v i d u a l  P y r a m i d s
2 . 1  I n t r o d u c t i o n
T h i n - s h e e t  p y r a m i d s  i n  l i g h t w e i g h t  r o o f  s y s t e m s  a r e  
s u b j e c t e d  t o  s n o w  a n d  w i n d  l o a d i n g .  T h e s e  a c t  a s  u n i f o r m l y  
d i s t r i b u t e d  l o a d s  n o r m a l  t o  t h e  f l a t  p l a t e  p o r t i o n s .  I n  a d d i t i o n ,  
t h e  p y r a m i d s  m u s t  t r a n s m i t  t h e  s n o w  a n d  w i n d  l o a d s  t o  t h e  
s u p p o r t s .  T h i s  i n v o l v e s  r e a c t i o n s  a t  t h e  a p e x  a n d  b a s e  o f  t h e  
p y r a m i d s .  I n  c o m p a r i s o n  w i t h  t h e  s u p e r i m p o s e d  lo a d ,  t h e  
d e a d  lo a d  o f  s u c h  r o o f  s y s t e m s  i s  v e r y  s m a l l  a n d  c a n  be  
n e g l e c t e d  i n  t h e  a n a l y s i s .
To s t u d y  t h e  g e n e r a l  b e h a v i o u r  o f  t h i n - s h e e t  p y r a m i d s  
u n d e r  t h e s e  l o a d i n g s ,  f u l l  s c a l e  u n i t s  w e r e  s u b j e c t e d  to  
h o r i z o n t a l  a n d  v e r t i c a l  a p e x  l o a d s  w i t h  r i g i d l y  f i x e d  b a s e  
c o n d i t i o n s ,  t o  v e r t i c a l  a p e x  l o a d s  w i t h  s i m p l y  s u p p o r t e d  b a s e  
c o n d i t i o n s ,  a n d  t o  u n i f o r m l y  d i s t r i b u t e d  l o a d i n g  o n  o n e  
h o r i z o n t a l  p y r a m i d  w a l l  w i t h  f i x e d  b a s e  c o n d i t i o n s .
2 . 2  D e s c r i p t i o n  o f  t e s t  p y r a m i d s
T h e  c h o i c e  of  t h e  a n g l e  Y  e q u a l  t o  3 0  d e g r e e s  g a v e  a n  
i d e a l i z e d  h e x a g o n a l - b a s e  p y r a m i d  w i t h  t h e  r e l a t i v e  p r o p o r t i o n s  
s h o w n  i n  Fig .  2 .1 ,  e x p r e s s e d  i n  t e r m s  o f  t h e  l e n g t h  o f  o n e  
s i d e  o f  t h e  p y r a m i d  b a s e .
Fig. 2-1 Relative proportions o f
F i g .  Z-Z Corn p!e.te. and r e d u c e d  p y r a m i d s  u s e d  in.
exploratory bests .
P y r a m i d  l - A  h a d  a  b a s e  l e n g t h  L = 2 7 . 0  i n . ,  a n d  
P y r a m i d s  2  a n d  3  h a d  L = 2 7 . 5  i n .  T h e  a p e x e s  w e r e  
t r u n c a t e d  t o  a l l o w  a  s e a t  f o r  t h e  a p e x  c o n n e c t o r s ,  a n d  2  i n .  
f l a n g e s  p r o t r u d e d  v e r t i c a l l y  d o w n w a r d  a r o u n d  t h e  b a s e  
p e r i m e t e r  t o  a l l o w  c o n n e c t i o n  t o  a d j a c e n t  p y r a m i d s  i n  t h e  
c o m p l e t e  r o o f  s y s t e m .  T h e  c e n t r a l  p o r t i o n s  o f  t h e  p y r a m i d  
w a l l s  w e r e  r e m o v e d  f r o m  P y r a m i d  l - A  t o  f o r m  P y r a m i d  l - B  
t o  d e t e r m i n e  t h e i r  e f f e c t  o n  t h e  b e h a v i o u r  o f  t h e  o v e r a l l  p y r a m i d .  
P y r a m i d s  l - A  a n d  l - B  a r e  s h o w n  i n  Fig .  2 . 2  .
T h e  p y r a m i d s  w e r e  c o n s t r u c t e d  f r o m  I t  o z / s q . f t .  t r a n s l u c e n t  
c h o p p e d  s t r a n d  m a t  b o n d e d  by  B a k e l i t e  H e t - a c i d  t r a n s l u c e n t  
p o l y e s t e r  r e s i n .  T h e y  w e r e  f o r m e d  by t h e  c o n t a c t  p r o c e s s  w h i c h  
i s  d e s c r i b e d  in  d e t a i l  i n  A p p e n d i x  I.
T h e  r e s i n  t o  g l a s s  c o n t e n t  w a s  a p p r o x i m a t e l y  7 5 /2 5  by w e i g h t ,  
a n d  a s  w i t h  a l l  G R P  c o m p o n e n t s ,  t h e r e  w a s  a  w i d e  v a r i a t i o n  
i n  t h e  t h i c k n e s s  o f  t h e  w a l l s  o f  t h e  u n i t .  T h e  r e s u l t s  of  5 4  
m e a s u r e m e n t s  o n  P y r a m i d s  I a r e  g i v e n  b e l o w .
A v e r a g e  v a l u e  o f  t h i c k n e s s  = 0 . 0 6 9  i n .
S t a n d a r d  d e v i a t i o n  = 0 . 0 0 9 5  i n .
M a x i m u m  v a l u e  = 0 . 0 9 6  i n .
M i n i m u m  v a l u e  = 0 . 0 5 1  i n .
T h e  r e s u l t s  o f  3 0  m e a s u r e m e n t s  o n  P y r a m i d  2  g a v e :
2 2  i
A v e r a g e  v a l u e  o f  t h i c k n e s s  
S t a n d a r d  d e v i a t i o n  
M a x i m u m  v a l u e  
M i n i m u m  v a l u e = 0 . 0 5 0  i n .
0 . 0 6 9  i n .  
0 . 0 0 8 6  i n .  
0 . 0 9 0  i n .
T h e  d a t a  f o r  P y r a m i d  3  i s  g i v e n  b e lo w .
No.  o f  r e a d i n g s  = 3 0
A v e r a g e  v a l u e  o f  t h i c k n e s s  = 0 . 0 7 0  i n .
S t a n d a r d  d e v i a t i o n  
M a x i m u m  v a l u e  
M i n i m u m  v a l u e
= 0 . 0 0 9 0  i n .  
= 0 . 0 8 8  i n .  
= 0 . 0 6 0  i n .
D e t a i l s  o f  t h e s e , a n d  t h e  t h i c k n e s s  m e a s u r e m e n t s  f o r  a l l  t h e  
G R P  p y r a m i d s  u s e d  i n  t h i s  t h e s i s  a r e  g i v e n  i n  A p p e n d i x  2 .
2 . 3  F i r s t  s t a g e  e x p l o r a t o r y  t e s t s
T h e  f i r s t  s t a g e  o f  t h e  e x p l o r a t o r y  t e s t s  w a s  c a r r i e d  o u t  
w i t h  t h e  t e s t  a p p a r a t u s  s h o w n  i n  Fig .  2 . 3 .  T h e  v e r t i c a l  lo a d  
w a s  a p p l i e d  by  s t a c k i n g  w e i g h t s  w e i g h i n g  a p p r o x i m a t e l y  3 0  l b .  
a p i e c e  o n  a  g u i d e  b a r  w h i c h  r e s t e d  o n  a  I  i n .  d i a m e t e r  s t e e l  
b a l l  a t  t h e  c e n t r e  o f  t h e  t r u n c a t e d  a p e x .  H o r i z o n t a l  l o a d  w a s  
a p p l i e d  by  s t a c k i n g  t h e s e  l o a d s  o n  a  h a n g e r  w h i c h  w a s  c o n n e c t e d  
t o  t h e  a p e x  o f  t h e  p y r a m i d  by f l e x i b l e  w i r e  r o p e ,  a c t i n g  t h r o u g h  
a  s e r i e s  o f  g u i d e  p u l l e y s .
C o n t i n u o u s  f i x e d  s u p p o r t s  w e r e  a c h i e v e d  w i t h  3  i n .  x  3  i n . x  \  i n .  
m i l d  s t e e l  a n g l e s  2 7 . 0  i n .  l o n g ,  t o  w h i c h  t h e  p y r a m i d  f l a n g e s  
w e r e  c l a m p e d  by  2  i n .  x  *  i n .  x  2 6  i n .  l o n g  m i l d  s t e e l  b a r s .
T h e s e  w e r e  b o l t e d  a t  f i v e  p o i n t s  o n  e a c h  b a s e  s i d e .  C o n t i n u i t y  
o f  s u p p o r t  a t  t h e  c o r n e r s  w a s  a c h i e v e d  by  a  n o t c h e d  s e c t i o n  o f  
a n g l e  r i g i d l y  b o l t e d  t o  t h e  a n g l e s  m e e t i n g  t h e r e .

P y r a m i d  1 - B  is  s h o w n  w i t h  t h e  f ix e d  s u p p o r t s  i n  Fig.  2 . 4  .
S i m p l e  s u p p o r t s  a t  t h e  c o r n e r s  w e r e  o b t a i n e d  b y  
b o l t i n g  b r a c k e t s  c o n n e c t e d  t o  4  i n .  s q u a r e  i n .  t h i c k ,  s t e e l  
p l a t e s  t o  t h e  s i x  c o r n e r s  of  t h e  p y r a m i d s .  T h r e e  i n c h  
d i a m e t e r  c i r c u l a r  b a l l - r a c e s  w e r e  p l a c e d  b e t w e e n  t h e s e  p l a t e s  
a n d  s i m i l a r  o n e s  o n  t h e  l e v e l l e d  f l o o r  t o  a l l o w  f r e e  
h o r i z o n t a l  m o v e m e n t .  H o r i z o n t a l  s t a b i l i t y  w a s a m a l n t a i n e d  
b y  c o n n e c t i n g  o n e  b a s e  a n g l e  t o  t h e  l o a d i n g  f r a m e .
Load w a s  a p p l i e d  i n  3 0  lb.  i n c r e m e n t s  a t  a  r a t e  of  
a p p r o x i m a t e l y  1 0  i b / m i n .  t o  a  m a x i m u m  o f  5 7 0  lb.
D e f l e c t i o n s  w e r e  m e a s u r e d  b y  d i a l  g a u g e s  i n  a l l  c a s e s  e x c e p t  
f o r  t h e  v e r t i c a l  a p e x  d e f l e c t i o n  of  P y r a m i d  1 - A .  F o r  t h i s  
c a s e  a  c a t h e t o m e t e r  w a s  u s e d  s i g h t i n g  o n  a  t a r g e t  p l a c e d  
o n  t h e  s t e e l  b a l l  j u s t  a b o v e  t h e  a p e x .  A n  h y d r a u l i c  j a c k  w a s  
u s e d  t o  a p p l y  t h e  l o a d s  i n  t h e  u l t i m a t e  lo ad  t e s t s .
T h e  a i m s  o f  t h e  f i r s t  s t a g e  e x p l o r a t o r y  t e s t s  w e r e  t o  
d e t e r m i n e :
a )  T h e  e f f e c t  o f  t h e  c e n t r e  p o r t i o n s  o f  t h e  p y r a m i d  w a l l s  o n  
t h e  b e h a v i o u r  o f  t h e  p y r a m i d ,  a n d
b) W h e t h e r  t h e  w h o l e  t r a p e z o i d a l  p l a t e  c o u l d  b e  c o n s i d e r e d
a c t i v e  i n  a n  a p p r o x i m a t e  s t r u t  a n a l o g y .
A l i s t  o f  t e s t s  i n  t h e  o r d e r  of  o c c u r r e n c e  is  g i v e n  b e lo w .
1 . P y r a m i d  1 -A ,  v e r t i c a l  load ,  f i x e d  s u p p o r t
2 .  P y r a m i d  1-Av h o r i z o n t a l  load ,  f ix e d  s u p p o r t
2 5
Fig .  Z ' 4  P y r a m i d  1 ~ B  u n d e r  v e r t i c a l  a p e x  l o a d ,  
w f + h  f i x e d  s u p p o r t ’s  -
3.  P y r a m i d  1 - A ,  v e r t i c a l  lo ad ,  s i m p l e  s u p p o r t
4 .  P y r a m i d  1 - B ,  v e r t i c a l  l o a d ,  s i m p l e  s u p p o r t
5 .  P y r a m i d  1 - B ,  v e r t i c a l  load ,  f i x e d  s u p p o r t
6 . P y r a m i d  1 - B ,  h o r i z o n t a l  load ,  f i x e d  s u p p o r t
7. P y r a m i d  1 - B ,  u l t i m a t e  v e r t i c a l  lo ad ,  f i x e d  s u p p o r t
8 . P y r a m i d  2, u l t i m a t e  v e r t i c a l  lo ad ,  f i x e d  s u p p o r t .
B y  c a r r y i n g  o u t  t h e  t e s t s  i n  t h i s  o r d e r  i t  w a s  p o s s i b l e  
t o  u s e  P y r a m i d  1 f o r  a l l  b u t  t h e  l a s t  o f  t h e  f i r s t  s t a g e  
e x p l o r a t o r y  t e s t s .  T h e r e f o r e ,  d i f f e r e n c e s  i n  b e h a v i o u r  
b e t w e e n  P y r a m i d s  1 - A  a n d  1 - B  c o u l d  n o t  b e  a t t r i b u t e d  t o  
v a r i a t i o n s  i n  t h e  m e c h a n i c a l  p r o p e r t i e s  o f  t h e  g l a s s  
r e i n f o r c e d  p o l y e s t e r  m a t e r i a l .
. 4  R e s u l t s  o f  f i r s t  s t a g e  t e s t s
T h e  r e s u l t s  of  t h e  e i g h t  l o a d i n g s  a r e  p l o t t e d  i n  F i g s .
2 . 5  t o  2 . 8 .  I t  w a s  e v i d e n t  t h a t  u p  t o  a  l o a d  o f  5 0 0  I b .o n  
t h e  a p e x  t h e r e  w a s  n o t  m u c h  d i f f e r e n c e  b e t w e e n  t h e  o v e r a l l  
b e h a v i o u r  of  t h e  t w o  p y r a m i d s  e v e n  t h o u g h  5 5  p e r  c e n t  o f  
t h e  c o m p r e s s i o n  m a t e r i a l  h a d  b e e n  r e m o v e d  f r o m  t h e  w a l l s  of  
P y r a m i d  1 - A  t o  f o r m  P y r a m i d  1 - B .  H o w e v e r ,  t h e  u l t i m a t e  
lo a d  t e s t s  s h o w e d  t h e  c o m p l e t e  p y r a m i d  N o .  2  t o  b e  2 5 0 0 / 7 5 0  = 3 .  
t i m e s  s t r o n g e r  t h a n  N o .  1 - B .  F i g s .  2 . 9  a n d  2 . 1 0  s h o w  
P y r a m i d s  1 - B  a n d  2  a t  u l t i m a t e  l o a d .  C o n s i d e r i n g  t h a t  b o t h  
t h e s e  p y r a m i d s  w e r e  m a d e  f r o m  t h e  s a m e  m a t e r i a l s ,
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p y r a m id s  u n d e r  v e r t i c a l  a p e x  fo od .
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2 . 8  Comparison, o f  apex d e f  lections For Vertical to a d :<// 
t o  u l t i m a t e ,  a n  p y r a m i d s  c o /M '  F i x e d  s u p p o r t s *
ZOO 400 600
V e r t i c a l  a p e x  t o a d  ( l b )
V e r t ic a l  apex load (lb.)
6oo 1200 *800
“i------------ nr---------------- T”
0 . 0 5 0
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P y r a m id  l-B  
( red u c ed )
0 . 2 0 0
0 . 2.So
0 . 3 o o
Pyram id 2. 
(complete.)
P y r a m id  . / r A r  '■./.If) 
( c o m  p l a t e . )
p y r a m i d  / - &  
C r e d u c e d )
F i g .  2 * 9  P y r a m i d  1 - B  a f  u l f i m a f e  l o a d .
F i g .  2 . 1 0  P y r a m i d  2  o f  u l t i m a t e  l o a d .
h a d  t h e  s a m e  a v e r a g e  w a l l  t h i c k n e s s e s ,  a n d  w e r e  u n d e r  
t h e  s a m e  c o n d i t i o n s  o f  l o a d i n g  a n d  s u p p o r t ,  t h i s  w a s  
e v i d e n c e  of  t h e  s t a b i l i z i n g  e f f e c t  of  t h e  c e n t r a l  p o r t i o n s  of  
t h e  p y r a m i d  w a l l s  o n  t h e  i n c l i n e d  j u n c t i o n s .
i t  w a s  d i f f i c u l t  t o  a s s e s s  t h e  s t a b i l i z i n g  e f f e c t  c a u s e d  
by  t e n s i o n  i n  t h e  l o w e r  p o r t i o n  of  t h e  p y r a m i d  w h e n  t h e  
c o r n e r s  w e r e  s i m p l y  s u p p o r t e d  b e c a u s e  l o c a l  b u c k l i n g  b e c a m e  
p r o m i n e n t  a s  d e f l e c t i o n s  c a u s e d  t h e  l i n e s  o f  t h r u s t  t o  b e c o m e  
e c c e n t r i c  a t  t h e  s u p p o r t s .  H o w e v e r ,  i t  i s  b e l i e v e d  t h a t  i n  a  
r o o f  s y s t e m ,  t h e s e  t e n s i l e  f o r c e s  w o u l d  p a r t i a l l y  o v e r c o m e  
t h e  t e n d e n c y  of  t h e  c o m p r e s s i o n  p o r t i o n  of  t h e  p l a t e  t o  
b u c k l e .
To t e s t  t h e  a s s u m p t i o n  t h a t  t h e  w h o l e  p l a t e  i s  a c t i v e
in  a n  a p p r o x i m a t e  s t r u t  a n a l o g y  t h e  d e f l e c t i o n s  w e r e
c a l c u l a t e d  b y  s t r a i n  e n e r g y  m e t h o d s  a s s u m i n g  a  p i n - c o n n e c t e d
s y s t e m  a n d  c o m p a r e d  w i t h  t h e  r e s u l t s  o f  T e s t s  I a n d  3 .  F i g . 2 .  II
s h o w s  t h e  a r e a s  w h i c h  w e r e  c o n s i d e r e d  a c t i v e  f o r  t h e  t w o  s u p p o r t
c a s e s .  R e f e r r i n g  t o  Fig .  2.11,  l e t
A j  = a r e a  of  i n c l i n e d  m e m b e r s  f o r  f i x e d  s u p p o r t .
A 2  = a r e a  of  i n c l i n e d  m e m b e r s  f o r  s i m p l e  s u p p o r t .
A 3  = a r e a  o f  b a s e  m e m b e r s  f o r  s i m p l e  s u p p o r t .
T h e n ,  A ,  = 2 x  a r e a  A B C D  x  t  = 0 . 9 4 6  i n . 2
l e n g t h  I D
F / x e o l  S u p p o r t
C a s e
F i g . 2 d !  C o n t r i b u t i o n s  o f  p y r a m i d  uta Us t o  a p p r o x i m a t e  s t r u t  
a r e a s  f o r  f i x e d  s u p p o r t  a n d  c o r n e r  s u p p o r t  c a s e s .
3 2
A ?  ■ 2  x  a r e a  EFGH x  t  = 0 . 6 0 5  i n . 2 
l e n g t h  EH
A 3 = a r e a  H J G  x  t  +  v t  = 0 . 4 4 8  i n .  2 
L
T h e  f o r c e  i n  t h e  i n c l i n e d  m e m b e r s  w a s  e q u a l  to
F = _ \ A  Q ( c o m p r e s s i o n )
6
w h e r e  Q i s  t h e  v e r t i c a l  a p e x  l o a d .
T h e  t e n s i l e  f o r c e  i n  t h e  b a s e  m e m b e r s ,  T, w a s  e q u a l  
t o  z e r o  f o r  t h e  f i x e d  s u p p o r t  c a s e  a n d  e q u a l  t o  0  
f o r  t h e  c a s e  o f  s i m p l e  s u p p o r t s  a t  t h e  c o r n e r s .
T h e  v e r t i c a l  a p e x  d e f l e c t i o n  d u e  t o  Q i s  e q u a l  t o  t h e  f i r s t  
p a r t i a l  d e r i v a t i v e  o f  t h e  s t r a i n  e n e r g y  (V) d u e  t o  a x i a l  
f o r c e s  w i t h  r e s p e c t  t o  t h e  a p p l i e d  l o a d .
S y  =  M  =  I J L L  j A E
d Q  A E  d Q
w h e r e  F = t h e  a x i a l  f o r c e  i n  t h e  m e m b e r  
I. = t h e  l e n g t h  o f  t h e  m e m b e r  
A = t h e  c r o s s  s e c t i o n a l  a r e a  
E = Y o u n g ' s  M o d u l u s  of  E l a s t i c i t y
T h e  v a l u e  of  E i n  t e n s i o n  w a s  d e t e r m i n e d  f r o m  t e s t s  o n
s a m p l e s  c u t  f r o m  t h e  t r i a n g u l a r  s i d e s .  T h e s e  t e s t s  a r e
d e s c r i b e d  in  A p p e n d i x  2. T h e  a v e r a g e  v a l u e  w a s  0 . 8 8  x  10
2
l b / i n .  T h e  M o d u l u s  o f  E l a s t i c i t y  i n  c o m p r e s s i o n  w a s  
0 . 9 9  x  1 0 °  l b / i n . ^  T h e  t h e o r e t i c a l  d e f l e c t i o n s  f o r
P y r a m i d  1 - A  w e r e  c a l c u l a t e d  f o r  t h e  tw o  s u p p o r t  c a s e s ,  
a t  Q = 1 0 0  I b . a n d  5 0 0  lb .
F ix e d  s u p p o r t s :  Q = 5 0 0  lb,
S y m . 6  ( l % ) ( 5 0 0 ) ( 2 ( , ■ 2 - 8 ) ( - ' j j )  _  In. ( d o w n w a r d )
( 0 . 9 4 6 )  ( 0 . 9 9 x  I 0 6 )
S i m p l e  s u p p o r t s  a t  c o r n e r s :  Q = 5 0 0  lb,
S v  =  6 ( '  ' § ) ( 5 0 b ) ( 2 ( > - 2 8 ) ( -  J )  +  Gi.) ( 5 Q o ) ( 2 7.o o ) ( 3 )  _  < 0 . 0 4 / 4  i n .
( o .  6 0 5 )  ( 0 .9 9  X / O ^ )  ( O * 4 4 8 ) ( o .8 3 x 1 0 * )  ,
(  d o u i n u i a t r a  )
A c o m p a r i s o n  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s  i s  s h o w n  
i n  T a b l e  2 . 1.
TABLE 2.1
3 3
Q
R  x ^ d  S t / p p o r i S i m p l y  S u p p o r t
T h  G o  r e f / c u f t K p e r i m e n f a l S v E*p. T h e o r e + t c o l E x p e r t  m e n t a l §  v Ex.p. '
l b S v  O '* * - S v  ( t o * Sv  T h e o r . S v  o n ) S v  G n - ) S v  T h e o r .
t o o O .  0 0 2 4 0 . 0 0 7 5 3 J O .  0 0 3 3 0 . 0 2 / 0 Z . 5
5 0 0 Q . O H 9 0 - 0 4 1 0 3 . 4 - 0 - 0 4 1 4 O .  H Q O 2 . 0
F r o m  t h e s e  r e s u l t s  i t  w a s  e v i d e n t  t h a t  t h e  w h o l e  o f  
t h e  p y r a m i d  w a l l  w a s  n o t  a c t i v e  i n  c a r r y i n g  t h e  c o m p r e s s i v e  
l o a d s  i n  t h e  c a s e  o f  t h e  t h i n  s h e e t  p y r a m i d s .  T h e  f a c t  t h a t  
t h e  r e s u l t s  d i d  n o t  a g r e e  a t  Q = 1 0 0  l b „  m e a n t  t h a t  t h e  
d e v i a t i o n  of  t h e  p l a t e s  f r o m  p e r f e c t  f l a t n e s s  c a u s e d  b u c k l i n g  
t o  t a k e  p l a c e  a t  a  v e r y  lo w  l o a d .  T h e  d i f f e r e n c e s  b e t w e e n  
t h e  e x p e r i m e n t a l  a n d  t h e o r e t i c a l  r e s u l t s  b e c a m e  g r e a t e r  
f o r  b o t h  s u p p o r t  c o n d i t i o n s  a s  t h e  l o a d s  i n c r e a s e d .  A l s o ,  
t h e  t e n s i l e  f o r c e s  o f  t h e  s i m p l e  s u p p o r t  c a s e  h e l p e d  t o
3  U
s t i f f e n  t h e  p l a t e s  t o  g i v e  b e t t e r  a g r e e m e n t  t h a n  w a s  
r e a l i z e d  w i t h  f i x e d  s u p p o r t s .
2 . 5  S e c o n d  s t a g e  e x p l o r a t o r y  t e s t s
A s e c o n d  s e t  o f  t e s t s  w a s  c a r r i e d  o u t  w i t h  a  m o r e  
e l a b o r a t e  l o a d i n g  a p p a r a t u s  t o  d e t e r m i n e  t h e  r a n g e  o f  
p l a t e  d e f l e c t i o n s  w h i c h  c o u l d  b e  e x p e c t e d  u n d e r  v e r t i c a l  
a p e x  lo a d  a n d  u n d e r  u n i f o r m l y  d i s t r i b u t e d  lo a d  n o r m a l  
t o  t h e  p l a t e .  T h e  l o a d i n g  a p p a r a t u s  f o r  t h e  f i r s t  c a s e  i s  
s h o w n  in  F ig .  2 . 1 2 .  L o a d  w a s  a p p l i e d  b y  a n  h y d r a u l i c  
j a c k  c o n n e c t e d  t o  a  p r o v i n g  r i n g .
A 9  i n .  x  9 |  i n .  x  \  i n .  t h i c k  s t e e l  p l a t e  w a s  b o l t e d  
t o  t h e  a p e x  t o  a s s u r e  t h a t  t h e  l o a d  w a s  e v e n l y  d i s t r i b u t e d  
t o  a l l  s i x  p y r a m i d  w a l l s .  T h i s  p l a t e  e x t e n d e d  b e y o n d  t h e  a p e x  
b o u n d a r i e s  o n  a l l  s i d e s  t o  a l l o w  s e a t s  f o r  t h e  f o u r  d i a l  g a u g e s  
u s e d  to  m e a s u r e  t h e  v e r t i c a l  a p e x  d e f l e c t i o n .  T h e  g a u g e s  
w e r e  p l a c e d  a t  t h e  f o u r  c o r n e r s  o f  a  s q u a r e ,  6  i n .  f r o m  t h e  
c e n t r e  o f  t h e  a p e x .  F o u r  6  i n .  d i a m e t e r ,  3 / 1 6  i n .  t h i c k  
a l u m i n i u m  p l a t e s  w e r e  b o l t e d  o n  t o p  of  t h i s ,  w i t h  t h e  
u p p e r m o s t  p l a t e  m a c h i n e d  t o  s e a t  t h e  s t e e l  b a l l  of  t h e  p r o v i n g  
r i n g .  D e t a i l s  o f  t h e  a p e x  c o n n e c t o r  a r e  s h o w n  in  F ig .  2 . 1 3  .
T h e  2  i n .  f l a n g e s  o f  P y r a m i d  3  w e r e  r e m o v e d  a n d  a  
w o o d  f r a m e ,  2  i n .  x  1 i n .  c r o s s  s e c t i o n , w a s  b o n d e d  t o  t h e  
p y r a m i d  w i t h  e p o x y  r e s i n .  T h i s  e l i m i n a t e d  t h e  p r o b l e m s  o f  
l o c a l  b u c k l i n g  a t  t h e  s u p p o r t s  w h e n  b o l t s  w e r e  u s e d .  T h e
Y"
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S e c t i o n  A - A
D e t a i / s  o f  a p e x  c o n n e c t o r  f o r  v e r t i c a l  t o a d
w o o d  f r a m e  w a s  r i g i d l y  c o n n e c t e d  t o  a  t i m b e r  b o x  
g i r d e r ,  h e x a g o n a l  i n  p l a n ,  w h i c h  a c t e d  a s  t h e  s u p p o r t .
D e t a i l s  of  t h e  s u p p o r t  a r e  s h o w n  i n  Fig .  2 . 1 4  . W i t h  t h e  
D e x i o n  lo ad  f r a m e w o r k  c o n n e c t e d  t o  t h e  b o x  g i r d e r ,  t h e  
p y r a m i d  w a s  c o n t a i n e d  in  a n  e n c l o s e d  lo a d  s y s t e m ,  w h i c h  
w a s  i n  s e l f - e q u i l i b r i u m .
A l l  d e f l e c t i o n s  w e r e  m e a s u r e d  w i t h  d i a l  g a u g e s  w i t h  
a n  a c c u r a c y  o f  0 . 0 0 1  i n .  / d i v i s i o n .  L a r g e  d i a m e t e r  d i a l s  
a l l o w e d  t h e  d e f l e c t i o n s  t o  b e  e s t i m a t e d  t o  0 . 0 0 0 2  i n .  T h e  
g a u g e s  w e r e  c o n n e c t e d  t o  a  D e x i o n  f r a m e w o r k ,  a n d  s e t  
n o r m a l  t o  t h e  t r a p e z o i d a l  p l a t e  a t  t h e  l o c a t i o n s  s h o w n  i n  
F ig .  2 , 1 5 .  T w e lv e  d i a l  g a u g e s  w e r e  u s e d ,  f o u r  a l o n g  e a c h  
j u n c t i o n  a n d  f o u r  a l o n g  t h e  c e n t r e  l i n e  o f  t h e  p l a t e .
Load w a s  f i r s t  a p p l i e d  i n  6 0  lb. i n c r e m e m e n t s  a t  a  r a t e  
of  2 0  I b / m i n .  u s i n g  a  6 0 0  lb. p r o v i n g  r i n g .  T h r e e  t e s t s  
w e r e  c a r r i e d  o u t  t o  a  m a x i m u m  lo a d  of  6 0 0  lb. T h e  l o a d i n g  
w a s  t h e n  e x t e n d e d  t o  1 5 0 0  lb. f o r  t h r e e  t e s t s  u s i n g  a  4 0 0 0  lb. 
p r o v i n g  r i n g .  I n  t h e s e  l a t t e r  t e s t s  t h e  l o a d s  w e r e  a p p l i e c j d m  
1 0 0  lb. i n c r e m e n t s  a t  a  r a t e  o f  33  I b / m i n .  I n  b o t h  load  
s e q u e n c e s ,  t h e  r e c o r d i n g  o f  d e f l e c t i o n  r e a d i n g s  w a s  b e g u n  
i m m e d i a t e l y  a f t e r  t h e  i n c r e m e n t  w a s  a p p l i e d ,  a n d  
a p p r o x i m a t e l y  t w o  m i n u t e s  w a s  r e q u i r e d  t o  r e a d  a l l  16 
g a u g e s .
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F ig .  2.. 15 L o c a t i o n  o f  d i a l  g a u g e s  f o r  m e a s u r i n g  n o r m a l
d e f l e c t i o n s  o f  Hie. p y m w W  c u a I I .  v .+j
. 6  O b s e r v a t i o n s  a n d  d i s c u s s i o n
T h e  a v e r a g e  d e f l e c t i o n s  f o r  t h e  t h r e e  l o a d i n g s  t o  
6 0 0  lb .  a r e  g i v e n  i n  T a b l e  A 1 o f  A p p e n d i x  3 .  T h e  d e f l e c t i o n s  
o f  t r a n s v e r s e  s e c t i o n s  of  t h e  w a l l s  a r e  p l o t t e d  i n  F ig .  2 . 1 6 .
T h e  n o r m a l  d e f l e c t i o n  of  t h e  p y r a m i d  w a l l  a t  t h e  a p e x  w a s  
d e t e r m i n e d  b y  c a l c u l a t i n g  t h e  c o m p o n e n t  of  t h e  v e r t i c a l  a p e x  
d e f l e c t i o n  i n  t h a t  d i r e c t i o n .  F o r  t h e  p a r t i c u l a r  c a s e  of  
t h e  t e s t  p y r a m i d s ,
S n  =  S v c o s  3 0 °  =  0 . 8 6 6
T h i s  i s  s h o w n  o n l y  f o r  6 0 0  lb .  l o a d  i n  F ig .  2 . 1 6 .
T h e  a v e r a g e  d e f l e c t i o n s  f o r  t h e  t h r e e  l o a d i n g s  t o  1 5 0 0  lb .  
a r e  g i v e n  i n  T a b l e  A 2 .
To o b t a i n  t h e  c e n t r e  l i n e  d e f l e c t i o n s  of  F i g s .  2 . 1 7  a n d  
2 .1 8 ,  t h e  d e f l e c t i o n s  of  p o i n t s  5 t o  8  w e r e  c a l c u l a t e d  r e l a t i v e  
t o  t h e  d e f l e c t i o n s  o f  t h e  n e i g h b o u r i n g  j u n c t i o n  p o i n t s .  
T h e r e f o r e ,  t h e  n e t  d e f l e c t i o n  n o r m a l  t o  t h e  p l a t e  a l o n g  t h e  
c e n t r e l i n e  o f  a n y  t r a n s v e r s e  s e c t i o n  w a s
w h e r e  Sc.  = r e c o r d e d  d e f l e c t i o n  o n  c e n t r e l i n e  o f  p l a t e .
S L = r e c o r d e d  d e f l e c t i o n  a t  l e f t  j u n c t i o n .
S *  = r e c o r d e d  d e f l e c t i o n  a t  r i g h t  j u n c t i o n .
a n d  p o s i t i v e  d e f l e c t i o n  s i g n i f i e s  a n  u p w a r d  o r  o u t w a r d  
m o v e m e n t .
F ig . 2 . l b  N o r m a /  d e f l e c t  t e n s  c f  p y r a m i d  w a l l  u j itk  p y r a m i d ,
u n d e r  v e r t / c o /  a p e x  l o a d .
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A s  lo a d  w a s  a p p l i e d  t o  t h e  a p e x  o f  t h e  p y r a m i d  t h e  
c e n t r e  of  t h e  g a u g e d  w a l l  b e g a n  t o  d e f l e c t  d o w n w a r d  ( i n w a r d )  
e x c e p t  n e a r  t h e  b a s e  w h e r e  a n  u p w a r d  d e f l e c t i o n  w a s  
o b s e r v e d .  T h i s  d e f o r m a t i o n  p a t t e r n  i n c r e a s e d  i n  
m a g n i t u d e  a s  t h e  l o a d  i n c r e a s e d  a n d  a  d e f l e c t i o n  of  0 . 11 
w a s  r e a c h e d  a t  a n  a p e x  l o a d  130 lb .  T h e  p l a t e  w a s  
w e l l  i n t o  t h e  l a r g e  d e f l e c t i o n  r a n g e  ( < § >  0 . 5 1) a t  
Q & 4 5 0  lb .
I n  t h e  a p e x  r e g i o n  t h e  w a l l  d e f l e c t e d  d o w n w a r d  u n t i l  
a n  a p e x  lo a d  o f  4 2 0  lb .  h a d  b e e n  r e a c h e d ,  b u t  t h e n  b e g a n  
to  r i s e ,  w i t h  t h e  n e t  d e f l e c t i o n  b e c o m i n g  p o s i t i v e  a t  p o i n t  8  
f o r  Q *  6 0 0  1b.
W h e n  l o a d  w a s  a p p l i e d  b e y o n d  6 0 0  lb . ,  t h e  c e n t r e  o f  t h e  
p l a t e  c o n t i n u e d  t o  d e f l e c t  d o w n w a r d  a n d  t h e  p o r t i o n  of  t h e  
p l a t e  n e a r  t h e  a p e x  c o n t i n u e d  t o  r i s e .  A t  Q = 1100  l b . ,  
a  s u d d e n  s n a p - b u c k l i n g  t o o k  p l a c e  a n d  t h e  d e f l e c t i o n  p a t t e r n  
c o m p l e t e l y  r e v e r s e d  w i t h  t h e  a p e x  r e g i o n  d e f l e c t i n g  d o w n w a r d  
a n d  t h e  c e n t r e  o f  t h e  p l a t e  d e f l e c t i n g  u p w a r d .  A t  q  = 1 5 0 0  ! b . ,  
t h e  t o t a l  d i f f e r e n c e  i n  d e f l e c t i o n  b e t w e e n  t h e  t w o  p o r t i o n s  of  t h e  
p l a t e  w a s  a p p r o x i m a t e l y  6  t i m e s  t h e  t h i c k n e s s .  T h e  m a x i m u m  
j u n c t i o n  d e f l e c t i o n ,  c o r r e c t e d  f o r  t h e  o v e r a l l  c h a n g e  i n  g e o m e t r y  
of  t h e  p y r a m i d ,  w a s  0 . 4 3 1 a t  Q = 1 5 0 0  lb .
T h e  d i a g r a m  r e p r e s e n t i n g  t h e  a p e x  d e f l e c t i o n s  v e r s u s  
l o a d  i n  F ig .  2 . 1 9  s h o w e d  t h a t  t h e  v i o l e n t  s n a p - b u c k l i n g  o f
4 4
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the pyramid wall had very little effect on the overall 
behaviour of the pyramid. The deflection curve to 1500 lb. 
fell above the one to 600 lb. because the rate of loading was 
greater, confirming that reinforced plastics, like timber, are 
affected by the rate of loading.
The non-linear nature of the load deflection curve was 
partially due to the non-linear elastic properties of the GRP 
at high stress, but it also indicated that as deflection of the 
pyramid walls became large in proportion to the thickness, less 
of the trapezoidal plate was contributing to the axial stiffness 
of the pyramid. It is obvious from these tests that as the 
load increased the effective strut area was reduced.
The cause of the snap-b uckling can be explained as follows. 
In a load test of a perfect pyramid, made from six identical 
trapezoidal plates of constant thickness, the stress would 
increase equally in all six slides until the critical buckling stress 
was reached. At that very instant, any of the six plates could 
buckle inward or outward. However, once one plate deflected 
either way, bearing in mind that the hexagonal base pyramid 
has an even number of sides, the moments transferred across 
the inclined junctions would upset the critical balance of the 
plates and alternate sides would deflect inward and outward.
In the case of the reinforced plastics pyramids, it
was physically impossible to make all the plates identical, 
and so the weakest one buckled first and set the pattern 
for the remaining ones.
It is believed that, in the tests on Pyramid 3, the 
dial gauges applied enough pressure through the stems 
to pre-determine the direction of the initial buckling of 
the plate. However, as load was increased, the 
imperfections of one of the other five plates caused a 
deflection which overcame this buckling. The result was 
the sudden reversal of deflection. These same imperfections 
meant that no matter how much care was taken in seeing that 
the loads were symmetrically applied, the pyramid behaviour ’ 
was not fully symmetrical.
7 Uniformly distributed loading
To carry out the uniformly distributed load tests 
on the pyramid wall, the Dexion loading framework was 
removed from the box-girder support and the base was tilted 
back until one wall was horizontal. The apex connector 
■was removed to allow two dial gauges to be placed at the edge 
of the truncation plane, normal to the trapezoidal plate.
Three of the dial gauges were removed from the centre-line 
and the fourth was shifted to the centroid of the plate.
Load was applied with calibrated weights, each 4 in. in 
diameter. This allowed the surface of the plate to be evenly 
loaded at twenty-one positions. Pig 2.20 shows a plan view
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F i g .  2 . 2 0  L o c a t i o n  o f  d i a l  g a u g e s  a n d  l o a d i n g  p o i n t s  F o r  
u n i f o r m  Lo a d in g  o f  t r a p e z o i d a l  p y r a m i d -  ioq/ / .
of the plate, giving the load and dial gauge locations.
Two loadings were carried out at an intensity of 
2
15 lb./ft. simulating the British snow load conditions.
The results of these tests are given in Table A 3.
The plate was then loaded to 40.70 lb/ft. in five 
even increments to determine the action of the plate at 
higher loadings. The results of this test are given in Table A
The junction deflections, corrected for the overall
deflection of the plate, are given in Figs. 2.21 and 2.22.
2
The maximum junction deflections at 15 lb/ft. 
uniformly distributed load were 0.291 on the left hand 
side and 0 .19 1 on the right hand side. This compared 
with a centroid deflection of 3 . 1 t. At 40.7 lb/ft.2, the 
maximum junction deflection had increased to 0.881 and
0 .7 3 1 respectively, and the centroid deflection increased 
to 5.661:
Comparing the maximum deflections of the junctions 
with those of the centroid at the five load increments in 
Fig. 2.23, it was evident that the maximum junction 
deflection increased in a linear manner, whereas the plate 
deflections showed a distinct non-linearity as membrane 
forces were developed at large deflection.
.8 Conclusions
The conclusions arrived at from the results of the 
exploratory tests on the GRP pyramids are listed below.
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A. Apex Load
1. The trapezoidal plates forming the walls of thin-walled 
pyramids buckle at very low loads with the result that the 
regions nearest the junctions carry the bulk of the 
compressive forces. The junctions remain relatively 
straight at loads greater than those at which the walls 
buckle.
2. The whole of the plates cannot be assupied effective 
in an approximate strut analogy.
3. The centre portions of the plate are important 
because they provide a stabilizing effect on the junctions, 
greatly increasing the ultimate load that the pyramid can 
carry.
B. Uniform Load
1. At design loads, the junctions deflect in the small 
deflection range and are only a fraction of the deflection 
of the plate centre which is well into the range of large 
deflections.
2. As load is increased beyond the design limit, the 
maximum deflection of the junctions increases linearly, 
while the non-linear deflection of the plate centre signifies 
the development of membrane stresses. Load equal to several 
times the design load can be carried before the junction 
deflections reach the large deflection range.
CHAPTER 3
5 3
A Review of the Analysis of Thin Plates
Introduction
A thin plate is defined as a plate having the 
thickness small in proportion to the other dimensions.
The plates of the pyramids used in this study had thicknesses 
which ranged from 0.055 in. to 0.125 in. Compared to the 
length of one side of the pyramid base, L = 27 and 27.5 in, 
the ratio of thickness to length ranged from 0.0020 to 
0.0045, well within the definition. Design considerations 
which required thicknesses greater than 0.25 in. would demand 
reinforcement with stiffening ribs or a change from single 
skin to sandwich construction.
The exploratory tests of Chapter 2 showed that design 
loadings on the thin plates would involve analysis in both 
the small and large deflection ranges. Because of the 
complicated nature of the large deflection problem, very 
little is known at present about the action of trapezoidal 
plates in the large deflection range. The available methods 
of analysis require the determination of a function which will 
both describe the deflected shape and satisfy the boundary 
conditions. This cannot be done exactly for trapezoidal plates. 
Therefore a review is given of the work which has
been done so far on triangular and trapezoidal plates, 
as well as some pertaining to rectangular plates, which will 
act as a guide in understanding the behaviour of the pyramids.
3.2 Large deflection of plates under uniformly distributed load 
The differential equation for a plate of uniform 
thickness, t, subjected to a uniformly distributed load, q, 
normal to the surface is:
Azq. 2  A iz +■ 4  z_ _2. i:> I \ 
a x 4 t W  dy* D
where z = the deflection normal to the plate surface
3
D = the flexural rigidity of the plate, Et
”12(1 -  f*  2 )
This holds for the range of 0<z < 0 .4 1. Any strain in 
the middle plane of the plate during bending is small enough 
to be neglected, and it is assumed that there are no external 
forces in the plane of the plate.
If the deflection of the plate is not small, and if the 
deflection surface is not developable, stretching occurs in 
the middle surface of the plate during bending. The 
differential equation then becomes :
<Yz + 2 f i z .  - 1 1 q. + A/» cfz. + Nu 42z +• 2Nxy <J2z ) (3.2)
d x 4 dy* Dl d x d y )
5 4
where N = the in-plane stress per unit of length in 
the x direction
N = the in-plane stress per unit of length in 
y the y direction
Nxy = the in-plane shearing stress
The values N „ N and IS! will depend both on any external x y xy
forces applied in the plane of the plate and on the stretching 
of the middle surface. Assuming no body forces in the plane 
of the plate, the consideration of equilibrium in this plane 
gives two equations for the solution of Nx, N , and N . The 
third equation is obtained by considering the strain in the 
middle plane during bending. The solution of the three 
equations is simplified by the introduction of a stress
g
function as shown by Timoshenko . This results in 
two non-linear partial differential equations of the 
fourth order.
m E f f i k f  £ l  i i '
<3x4 d y 4 LU* V
i k + 2 4 .  = + £ f  a l  „ z £ f  £ z )
dx* dxVfr da* D \t  dyl 8xz d*ha d*d3J
(3.3)
(3.4)
where F is the Airy's stress function and t is the plate 
thickness. These two equations, known as the von Karman 
plate equations, together with the boundary conditions, 
determine the functions F and z. Timoshenko states that
because of the difficulty involved in solving the non-linear 
equations, only the cases of uniformly loaded rectangular 
and circular plates have been solved, and these by
9approximate methods. This is reiterated by Vol'mir .
The approximate solution of the non-linear equations
applied to rectangular plates is usually carried out by
1 0the method of finite differences , in conjunction with an 
electronic digital computer. The equations are replaced 
by an equivalent system of difference equations and a solution 
is obtained by an iterative process.
As a first approximation, Eq. (3.4) is solved for the 
case when all the terms of the right hand side except the 
first are equal to zero. This leaves the fourth order partial 
differential equation for small deflections, (3.1), in terms of 
the deflection function, z, only. The first approximation 
values of z at each point of the finite difference mesh are then 
substituted into Eq. (3.3) which is solved for the stress 
function, F, at each mesh point.
The next stage in the solution is to substitute the values 
of both F and z back into the right hand side of Eq. (3.4) to 
obtain a second approximation to the values of z. The process 
is continued until a suitable degree of convergence is obtained. 
The only change necessary in the approach used for 
rectangular plates to allow the solution of trapezoidal plates
by the same method is the adoption of a triangular mesh
with the connecting elements running parallel to the
sides. This results in more complex difference operators,
11some of which are given by Jensen .
A similar technique has recently been described by 
12
Petit in which, instead of the two equations (3.3) and 
(3.4), three equations were used to describe the equilibrium 
of the plate. To do this, Eq. (3.3) was split into two second 
order nonlinear partial differential equations. The finite 
difference method was then used to solve the three equations. 
Only square and rectangular plates were considered.
A further complication arises in the iterative solution 
of the nonlinear equations when under certain circumstances, 
the solutions do not converge. This is overcome by a method 
known as "overrelaxation" in which an overrelaxation factor, 
i i  , is used. This factor normally lies between 1.0 and 2.0. 
When n =  i; Q, there is no overrelaxation and the method is 
the well-known Gauss-Seidel process for solving simultaneous 
equations. At the other extreme, lying somewhere between
1.0  and 2.0, there is an optimum value fo rn  which gives 
convergence in the minimum number of iterations.
The analysis of plates subjected to loads in their plane
When perfectly flat thin plates are loaded by forces 
in the plane of the plate, four distinct regions of behaviour 
are evident. If the loads are small, the plate acts in the 
small deflection range. This is known as the plane stress 
problem. As the loads are increased, the lateral 
deflections become larger until at a critical compressive 
stress the deflections increase rapidly with no increase in 
load. This leads to the critical buckling problem. If the 
edges of the plate are constrained against lateral movement 
the loads can continue to increase without overall failure 
of the plate in a region known as the 'ppst-buckling range', 
complete failure will occur when the stresses at the 
constrained edges exceed the yield point of the material.
The existence of this post-buckling range has been 
accepted and used in aircraft designs for many years.
It is the field of aeronautical engineering from which most of 
the published data originates. Until recently the large 
deflection problem and the post-buckling problem have not 
been considered in civil engineering analysis. However 
the use of reinforced plastics, with their low elastic moduli, 
will necessitate the consideration of these problems for the 
proper design of the structures. In the quest for greater 
structural efficiency some of the tested design methods of 
the aircraft industry could very well be used successfully
in the field of civil engineering structures.
.4 The plane stress problem
The governing partial differential equation for the 
solution of the two-dimensional plane stress problem when 
no body forces are present is:
+ 2  fFf Y f , o  ( 3 5 )
a * 4 W  ’
By comparison, this problem is much simpler than 
the one described previously where large deflections were 
involved, and several solutions have been obtained for 
trapezoidal plates in square-based pyramids using finite
7
differences. Wong analysed plates with an aspect ratio 
the same as those of the hexagonal-based pyramids. Results 
were given for pyramids with both fixed and simply supported 
base conditions, with the applied load uniformly distributed 
over the truncated apex of the pyramid walls. The stress 
distributions along the inclined sides and across the base
were determined from experimental results.
13Robak gave the results of a finite difference analysis 
for the stress distribution in an equilateral triangular 
plate of a square-based pyramid under a uniformly 
distributed load at the truncated apex. The inclined edges 
were assumed to be simply supported with no stress acting 
normal to the junction. The base was simply supported at
the corners only, with a free edge between the supports.
14Born suggested the use of the classical theory 
of elasticity solution for the stress distribution in an 
infinite wedge loaded by concentrated forces at the apex.
The relationships for vertical and horizontal apex loads 
are shown in Fig. 3 .1 . This method gives results which 
are sufficiently accurate for design purposes if the base 
of the pyramid is rigidly fixed on all sides. However it is 
accurate only in the region of the apex if the base is 
simply supported on all sides or if the base is supported by 
concentrated reactions at the corners. Near the apex 
the stress distribution is independent of the base support 
conditions for pyramids whose sides approximate
7
equilateral triangles. Experiments have shown that
pyramids with simply supported bases show.an increase
in stress at the junctions in a region close to the base.
15
To account for this condition, Robak used the infinite 
wedge theory combined with a corrective system of self- 
equilibrating stresses applied along the base of the pyramid. 
Buckling of traingular plates
The general differential equation of the deflection surface 
of a plate with forces acting in the middle plane is obtained 
from Eq. (3.2) by setting q, the lateral load, equal to zero.
If no body forces exist, the governing equation;becomes:
+L + 2 4 Z  ^ <j1z - N x djzj. Nu 42Z 2 tfxu 42^  } /o /\
d x 4 axV if2 <)</* i ) (  J x 2 3 < ^ z 3 J x d y j  ' ± 0 )
1 fi
The method of solution suggested by Timoshenko 
was to assume that the plate was buckled slightly under 
the action of the in-plane forces, and that the forces 
necessary to maintain the buckled shape would then be 
calculated. The smallest values necessary to maintain 
the buckled shape determined the critical value. Again 
the method becomes very complex for the trapezoidal plates 
because of the difficulty in expressing their deflected shape. 
In fact, for this reason only rectangular and circular plates 
have been investigated in any detail, using the classical 
strain energy method.
17 18Several authors, namely Salvadori , Weingarten ,
19 20
Bradley and Wittrick , have obtained solutions for
the critical buckling load of triangular plates by the finite
difference methods. However, in each case the triangles
investigated were complete, with no truncation at the apex.
Another limitation was that they were subjected to uniform
compression on all edges, or compression on one edge and
/
shear on the other two. The same problem was also analysed
21
by Cox and Klein using the 'method of collocation1.
With this method, a deflection function is assumed which
satisfies the boundary conditions at some or all points 
along the edge. The governing differential equation for 
the plate is then satisfied at a finite number of points.
The advantage of this method is that there are no 
great restrictions on the choice of the deflection function 
since it does not have to satisfy the actual deflection of 
the plate at all points,as is the case when using strain 
energy methods. The acceptance of this method by the 
aeronautical authorities is underlined by the fact that 
Reference 21 is quoted as a source for the information of Aero.
Data Sheet No. 02.04.06 22 .
23Klein has also applied the method of collocation 
to the calculation of critical buckling load of trapezoidal 
plates. However, the design curves given do not include 
the case when shear forces along the inclined edges are
zero. This is the case with the trapezoidal plates used in
<
the test pyramids because of symmetry.
24Aero. Data Sheet No. 02.01.48 , which gives the
buckling stress coefficients for truncated triangular plates, 
has this same limitation as well as the fact that the smallest 
width of truncation considered is 2.8 times larger than the 
test pyramid plates.
Fig. 3.2 shows the comparison between the test 
pyramid plates and the one most closely resembling them
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from the Aero. Data Sheet. A comparison of the 
critical buckling load for the larger truncated plate 
showed that Klein's method gave a value 11% higher 
than the Aero. Data Sheet.
Post-buckling behaviour of plates 
* Unlike columns, in which the attainment of 
critical buckling load signifies total collapse, plates having 
unloaded edges constrained against lateral movement will 
carry loads far in excess of the critical buckling load.
This is an important property which must be considered 
when thin plates are used to form the pyramids. It has 
already been shown that the plates under load may have large 
deflections. But the plates may also deflect in the post- 
buckling region before any in-plane loads are applied 
because of imperfections in manufacture and displacement 
produced by the tightening of the connecting bolts.
Most of the published literature on the post-buckling 
behaviour of plates deals with square and rectangular 
plan forms. It is also noted that most of the formulas 
derived for the approximate width of strut are empirical or 
semi-empirical in nature. An extensive review of the
25work done in this field is supplied by Jombock and Clark .
26Von Karman was the first to suggest that the 
ultimate load of the uniformly compressed rectangular
6 5
plate with simply supported edges could be
approximated by assuming that the load was carried by
two strips of width w , one on each side of the sheet.
6
(See Fig. 3.3 .) This was based on the results of a
series of tests which had the stated load and bounda ry
conditions and which showed that the ultimate load was
independent of the width and length of the plate and
approximately proportional to the square of the thickness.
That i s , ?
P = Kt (3.7)
where P = the Ultimate load on the plate 
t = the thickness of the plate 
K = a constant depending on the physical 
properties of the material
Von Karmen showed also that the ultimate load formula
for the buckled plate was equal to
pult = C / E  cry t 2 (3 . 8 )
where cr ±the yield strength of the material and C,
for two limiting cases of deflected shape, lay between
■, , „ and - r r g - ) f i  being the Poisson's ratio of 
7 3 7 7 0 * 7  v  • + f J r  3
the material. These limiting cases were found to agree 
well with the test results mentioned above and showed
that the conclusions were valid for different materials.
In the process of calculating the values of C, it was
shown that the expression for the effective width had 
the form*.
be = C t
where b = 2w , and <r was the stress on the effective e e e
width.
27Winter extended Von Karman's conclusions to 
show that they held for plates which were component 
parts of structural members as well as for plates tested 
individually. He also found that the effective width 
formula worked for stresses below, as well as at, ultimate 
load. Therefore the effective width expression (3.9) 
can be used between the limits of critical buckling load and 
the ultimate load of the plate.
Combining the results of his tests with those given 
in Reference 26, Winter plotted values of C versus J E  £ 
and drew an averaging line through them to get an expression 
for C equal to:
C = 1.9 -1.09  / - £ -  (3.10)
V cre b
This gave an expression for the effective width of the plate,
6 7
A different form of the expression for effective 
strut width was arrived at from the results of
po
experiments carried out by Ramberg in which the 
effective width was given in terms of the ratio of the 
critical stress to the stress at the simply supported edge.
b e  = b / H  (3.12)
V O e
The weakness with all these expressions (3.9) to (3.12) is
that they require the previous knowledge of the edge
stress before the effective width can be calculated.
A formula which avoids this drawback is given by Jombock 
29
and Clark . They arrived at the simple expression
b = b - f p  (3.13)
O
where o' is the average stress on the gross area. Two 
sketches of the stress distribution for cr equal to 2 r f r  
and 4 - o'er are given in Fig. 3.4. The value of cr<-r 
remains constant for any plate, and the shaded areas above 
and below the average stress, cr , must remain equal.
The value of crc r  can be calculated by one of the methods 
described previously, and the value of cr can be 
derived from the equilibrium conditions of the plate.
Regardless of the distribution of the stresses, the average 
stress over the gross area times that area must equal the 
total applied load.
•j We)<— -*4u>e
t T A 1
(a)
r
r 2«L
(t>)
D e f l e c t e d  s h a p e s  o f  b u c k  h a d  r e c t a n g u l a r  p l a t e s .
<r = 2  cncr i
i T h
cr
b  -
4 < rc r
T
lb
j r
S t r e s s  d i s t r i b u t i o n  o b t a i n  e d  b y  u s e  o f  £<f> (3 * 1 3 ) .
The final point to be considered in this review
is the effect of initial deflections on the effective
widths of the plates. Referring to Fig. 3.5, if a
perfect plate is loaded in axial compression, the loading
continues along 0-1 until the buckling load is reached.
At 1, the perfect plate can deflect either to the right or
left along either 1-A or 1-A'. If there are small
imperfections resulting in some initial deflection, the
curve will resemble B-B\ Greater initial imperfections
will cause the curve to become more like C-C'. At loads
much greater than the critical buckling load the curves
tend to merge because the small imperfections have an
insignificant influence upon the post-buckling load-
30
carrying ability of the plate. Hu found that for square 
plates, initial lateral deflections caused effective widths 
to be less than full plate widths at stresses below and at the 
theoretical fiat plate buckling stress, and less than the 
computed flat plate effective widths at higher stresses.
An initial lateral deflection of 0. It gave an error in the 
calculated effective width of 15 per cent at the computed 
buckling#ress. This error decreased to insignificance at 
an average plate stress, &  , equal to 2 (?cr.
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3.7 The approximate strut analogy for plates with large 
deflections
The effective area of an equivalent approximate strut 
for a perfectly fiat triangular plate in the small deflection 
range is found by assuming that the whole plate is active 
in carrying the compressive forces. This assumption 
has been verified by the tests carried out by Wong. The 
critical buckling load must then be found to determine 
the borderline between the state of plane stress and the 
post-buckled state of the plate. If the effective areas of 
the approximate struts can be determined when the plate 
is buckled, these values can be used for the analysis of 
the equivalent pin-connected skeleton system.
When the walls of the pyramids are as thin as those 
used in the lightweight roof systems described in this 
thesis, it is doubtful whether the plates and loading 
conditions will ever be perfect enough to act in the plane 
stress region under compressive forces. Practical 
reasons for this were given in Section 3.6.
The results and conclusions reached by the authors 
cited in the review will now be used to extend the analysis 
of the thin trapezoidal plates beyond the critical buckling 
range. The analysis and testing of a perspex hexagonal-based 
pyramid which approximated the behaviour of pyramids with
7 1
perfect walls will be described. The results of this 
study will then be applied to GRP pyramids of the 
type used in the full scale stressed-skin space systems.
7 3
CHAPTER 4
The Effective Width of Buckled Trapezoidal Plates.
4.1 The determination of the critical buckling load
To determine the effective width of the buckled 
trapezoidal plates it was first necessary to establish the 
borderline between the plane stress problem and the 
large deflection problem. This involved the calculation 
of the critical buckling loads for the trapezoidal walls.
The first step in this calculation was the determination 
of the boundary conditions.
The inclined junctions of the walls in the test
16pyramids were assumed to be simply supported. Timoshenko 
reported that when thin tubes of square cross section were 
subjected to uniform compression, the buckled shape was as 
shown in Fig. 4 .1 (a). There were no bending moments 
acting between the sides of the buckled tube along the 
junctions and each side was in the condition of a compressed 
rectangular plate with simply supported edges. This condition 
would hold for any tube with an even pumber of sides.
With the same reasoning, the plates of the hexagonal- 
based pyramid when under symmetrical vertical loading 
applied at the apex, were assumed to buckle in the manner 
shown in Fig. 4.1(b). This figure shows a horizontal
section through the pyramid in a deformed state. The 
shape was verified by the exploratory tests on the GRP 
pyramids. Some departure from this assumption occurs 
near the apex connector and at the base, but the effect 
is not widespread.
The shearing stress along the junction was zero 
because of the symmetry of the test set-up. Subject 
to the condition that no external loads were present along 
the inclined junctions, it was assumed that there was no 
stress component acting perpendicular to them.
The test pyramids were rigidly fixed at the base to give 
a continuous uniform support along the whole of the 
bottom edge of each trapezoidal plate. The apex connectors 
assured that the applied loads were evenly distributed along 
the truncated portions of each plate, and that these edges 
were rigidly fixed. An inspection of Aero. Data Sheet No. 
02.01.48 showed that as the ratio of the uniformly distributed 
apex stress (fj) to the uniformly distributed base stress (U 
increased, the buckling stress coefficient (Kj) for the 
trapezoidal plate with the ends clamped and the sides simply 
supported approached that of the same plate with ail sides 
simply supported (l<2). The ratios of l<2/l<1 for the three
ratios of q/f2 given in the Aero Data Sheets are shown in 
Table 4.1 for the trapezoidal plate of Fig. 3.2 .
TABLE 4.1
•Fj /  {*2 0 .8 1 .0 1 .2
K2/ kl O. 6 0 5 0 . 6 2 5 0*65 O
a /Kz/ k,) O. 0 2 0 O * 02.5
A process of extrapolation was used to determine
the ratio of fj/L needed to make ItyK-. = 1. Beginning
at the position of f1/f2 = 0-8, O G  = 0.605, the 
number of increments of f1 /f2 = 0.2 required to do this 
was found by the solution of the equation
n
0.020 n + 0.005 Z .  (n-1) = 0.395 (4.1)
n » 1
For n = 9, Expression (4.1) gave 
0.020 (9) + 0.005 (8+7+6+5+4+3+2+1) < 0.395 
or, 0.360 < 0.395
For n = 10, 0.425 > 0.395
Therefore between 9 and 10 increments of fj/f^ = 0.2 
would be necessary before l< 2  = K ,. In other words 
f j  = [0.8+ 10(0.2)] f2 = 2.8 f2.
The ratio of fj/f2 for the perspex pyramid was 27.5/4.125 
9^6.7, i.e. fj = 6.7 L. Therefore, the trapezoidal walls 
of the pyramids could be considered as simply supported on 
all four sides.
The critical buckling load for the simply supported
walls of the test pyramids was calculated by the method
of collocation. The first step was the assumption of
the deflected shape of the buckled plate. Then the
necessary derivatives of the function describing this
shape were calculated and evaluated numerically at the
points of collocation. The number of points chosen was
equal to the number of unknown generalized coefficients
appearing in the deflection function. The results were
then substituted into the governing differential equation
for buckling to yield a set of equations of the form
(A + >sB)a = 0 (4.
where J 3  = J + i L  
t * D
and N2 = the uniformly distributed load along the base 
of the wall at the critical buckling load
h = the height of the trapezoidal wail 
D = the flexural rigidity of the plate.
This corresponded to the standard eigenvalue problem.
The equations, (4.2), were homogeneous and had a trivial 
solution for a = 0. However, the non-trivial solutions 
were needed and they existed only if the determinant of the 
coefficient matrix was equal to zero. This is known as the 
characteristic equation, and it was solved for the lowest
7 7
positive root. To do this the determinant was expanded 
and a polynomial expression in terms o f f  was obtained.
For this analysis, the number of coefficients to be 
solved for (i.e. the number of points of collocation) was 
three. Therefore, the polynomial expression was cubic. 
The solution of the cubic equation for the lowest positive 
value of j 3  completed the calculation.
31Using the method given by Sokolnikoff , the 
discriminant of the cubic equation was calculated and shown 
to be less than zero for the plates of the test pyramids.
This meant that the cubic equation had only one real 
root, the other two being complex. It was then possible 
to solve the equation by trial and error.
A plan view of the trapezoidal plate under uniform 
compression at the base and apex is shown in Fig. 4.2 .
The differential equation for the buckling of a flat plate 
of constant thickness under axial load is *.
A z 4  2. 8  z  +• T z  + N%_ <j2z +. A/y <j2z _ o
8 y 4 D  D  d y 3,
where Nx and N are assum:ed positive in compression.
The boundary conditions for the simply supported 
plate were:

7 9
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A function which gave a reasonable estimate of the 
deflected shape of the plate was •
Z = F<y) cos/zkx o f © ) ,  k= ......
'  2 ! /  /
where F(y) = a ,  Sin (n - 0  IT CU-h .)h
+ a 7  sin n ir (y-h, )
+ O3  s / n  r n + / )  7T f y - h i )
h
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(4.5)
(4.6)
for n = 2, 3, 4..........
The same function was used by Klein ~  for the 
problem of combined shear and axial load on the plate.
The assumed function for z  satisfied the deflection 
boundary conditions at all points on the perimeter of 
the plate. Klein showed that the moment boundary conditions 
were satisfied along the inclined edges only at a point near 
the region of maximum deflection, and along the parallel 
edges, on ly at x = 0.
Using this approach the three points of collocation 
were chosen at
= 5 , \and I, along the centreline of the
8 0
plate, the Y-axis. The values of F{y) and its
derivatives at these points, with n = 2, are given
below.
At
F= ( t 3 /2 ) (O, + QZ)
dZF a -  15 ( Q l + 4 c l2.)
d f f  =  f j r \ 4 f t  (a ,  + i6 Q Z)
At
d u 4
( * # )  “  a >
F = ( q t f  <j3)
4 E -
d y
d f f=
d y 2 
d 4F  a  
d y 4
, h /
- f l j z Co, - 9 a 3)
J l4 i f  -  SI a  3)
h J  Z
(4.7)
(4.8)
At (!+ .•)  = |  .
F= CV3 / 2 ) ( a t - Q z ) 
d f .  ( f )  ( - £  -  a ,  * 3a.)
d a F „  i d  ( a ,  -  2 a z )
d y2. U /  2
=  / l ) 4 j/3  ( Q , - I ( > Q z ) 
d u 4  ( » J  2
Similar expressions could be written for other values of n.
(4.9)
T "  1!
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The derivatives of z at x - 0 for use in Eq. (4.3) were :
f f z  = - Fey) ( r f f  
a x 2 1 3/
f f z „  F<y) ( £ )
I 0 /
i f z  -  i f f
d y 2
a  z  -  o f V
<)j*4 c /£ 4
a 4z  ,  j - < o F  +• 4  / d l
y
e)xZ J*/'
where r = rr k c o l e
(4.10)
Substitution of the expressions (4.10) into the 
buckling Eq. (4.3) gave r
■f N x  F ( y )  I ^ J ZJ  + ( F f J  =  O
Multiplying through by (I)  and re-arranging the 
terms, the equation became :
fJ jfd4F .  z ( f d 2F _ 4 y d f  + q f \ ( i  )
H  d ?  I d ~ f dy J i n
+ N J l ) 4 d*f_ A t y j / ) 2 f  +  f = o
D  | Y  d y *  Z) I f>)
( 4 . 1 1 )
To obtain the expressions for Nx and N it was necessary
to consider the free body diagrams of Fig. 4.3 .
Expressing the width of truncation and the width of
the base as ratios of the height of the plate
rj = bj/h and r2 = b2/h (4.12)
These ratios were then used to express the apex load
in terms of the base load.
N, = i 9 l\L
r j  ( 4 .1 3 )
Referring to Fig. 4.3(a), equilibrium in the Y - direction 
yielded.-
M = f  m f  h co-f e )
Ny  2  2  (  2  y  /  ( 4 .1 4 )
Referring to Fig. 4.3 (b), equilibrium in the X - direction
yielded Nx = 0, and moment equilibrium about point o gave.-
M = r2N2 h (r,SrJ 
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This moment was counteracted by N , with the distribution
X
shown in Fig. 4.3(b). The value of N was
X
2
Substitution of expressions (4.14) and (4.15) into Eq. (4.11) 
gave the equation:
(4.15)
( a )
- J  V* K -
(b)
F ig . 4 3 N o ta  t /o n s  iu s e d  a n  f r e e  b o d y  d /a y  r a m s  -fo r v e r t i c a l  
and h o r i z o n t a l  e y a i I f h r  r u n t .
( l ) 4 4 / E  -  V 2A 2 ‘L f  - r f d f  v 6 f ) t  r 2 v 2 / w a \ / u ) V / r  
( W  7 f c/</2 £/y /  ~ d ~ /  2 y ) ( ? ) d p .
1 - 2  r ^ ( r . -  rz ) h  -  ( 4 .1 6 )
Substituting expressions (4.7) to (4.9) one at a time
into Eq. (4.16), and collecting like terms, resulted in 
three equations of the form shown below. They were
(A „ t f t  B« J  a z +(A,3+ j3B n )Q 3 ^ o
(Az , +/4j0j ,)<3, + (Azz + f t B t j )Q 3 +#Ij3 B33) q 3 s 0
(A 31 tf8 3J) a , +  (A 3 x + f t  S j 2 ) f l 2 + ( A 33 +72833 )  <33= °
where
and
r z D
A„ = -1 f ( ^ ) Z*ll  + §L? / P. _ 3 fan &)
s - L  J  j r ' k z  ( 73 tt /
%if t )
B>j$ ss -  f r a  (% _  4 f a n  0 )1  P ,3
(4.17)
(4.18)
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AZ3^[(3Pa\ \  l i t .  48 fon*9 
U  *  I  J  7TZ k 2
3
23 9^ 2. Pa 
k 4
at ( » + ) ,
A
B
» i ( / & r * i g-fane /  J* + 3 Fan q] 
it k 2 I i t
kz -  tan®]]
4 Pa 0  k z-  ~ [ ri
^ 3 Z “  l j 2 f* 8 i n n  & ^  2 p i s a  3  -fan  aj
B 3Z s rE  ^ ^fan£ j ps
4 p 2 /  * 2
/4 3 3  ss 4 8  Pa. t q n &
f S  i r  k z
B
-X
U ( t +
2
3
where p 1 = r-j + f  tan @
p2 = r, + |  tan ©
(4.19)
(4.20)
8 6
4.2 The determination ofy£ for the walls of the test pyramids 
The value of^  had to be computed for trapezoidal 
plates with three different plan forms. These are 
shown in Fig. 4.4 with a list of the pyramids having 
plates of the given dimensions.
The calculations had to be carried out to a large number 
of significant decimal places because the addition and 
subtraction of numbers of similar magnitudes was involved. 
Six places of decimals were found to be adequate.
Beginning with the calculation of for the barrel vault 
pyramids,
rj = bj /h = 3.50/23.375 = 0.145833
R2 = b2/h = 27.50/23.375 =1.145833 
tan 6  = 0.500 000
Pj = r, + 2 tan O = 0.479166
P2
3
4r2 + « tan 6  = 0.812500
(4.21)
P3 = r. + tan G  = 0.645833
Substitution of these values (4.21) into the expressions 
(4.18) to (4.20) gave the set of equations (4.17) for the 
perspex pyramid, shown below when k = 1 and n = 2.
27'So"
j *. 0 '• *£ *'■
‘rf’&T; » • vr »• -
TYY/Nri>; £ feu ‘ vfe.f e S V . & J * f e ’ :-<A+W 
— —    hi in i Ml
24.oo
27. So
F ig . 4  4 . P la n  F o r m s  o f  ' t r a p e z o i d a l ' p / d i e s  f o r  c o h  t c k  b u c k  I f  r?y% 
f o a d s  >u)Gre o a l c u  f a t ’e d .  : ■ f - 'Vf
' uu fe : fefefevfe-; -V "fe'fe * - -V 
fe feu !■ -fe. fefeuuufefefe fe -r ■;* V ' ' '
 i * - v*  - .  . i ■ >r- r f
—^ 4.00 j-—
23. SO*’ PERSPEX
PYRAMID
-—* :—j ;—“
h  27* S d " -
( 0 .5 0 0 2 6 8 -0 .0 9 5 9 1 6 /3 )0 ,+ (0 -5 2 7 7 2 5 -0 .285007/3)CIz - 2.U342b QS nO 
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When the determinant of the coefficients of these 
equations was set equal to zero, and expanded, the 
resulting cubic equation was:
O- 4707<eZ A 3-  7.14652  3 / Z + 38. 06,296,6>jS -  75.£,36>ai* = O (4.22)
The solution of (4.22) by trial and error gave a value 
of j S  -6.67 (4.23)
The same calculations were carried out for 
Pyramids 2, 4, 5 and 6,where: 
rx = 0.170213 
r2 = 1.170213 
tan 9  = 0.500000
P! = 0.503546 (4.24)
p2 = 0.836879 
p3 = 0.670213 
k = 1
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By the substitution of the values of (4.24) into 
expressions (4.18) to (4.20),Eqs. (4.17) became:
(0.S41936-O. nn44ft)Q,+(0.C>80323-O.335<bll/i)Qi. - Z. 220957 ct3 =0 
(0-784283 -0.3S2293ft)ct,- 3.413370 *■ (-24.21 Z&B7 + 3 .I70i3i.fi )d3*0
(o.‘22ZSoo-0.2S2Z3lg)ol + (-7&t803Z+l.275i7/ft)ax *
The cubic equation in f t  obtained by the expansion of 
the determinant of the coefficients was:
0 . 7 2 0 6 0 9  f t 3- 70.719 470f t 2 1 5 s . o s i  s e a  -  lo4. 6745+a  = o (4.25)
from which j 8  = 6.73
Finally the coefficient & was calculated for the 
perspex pyramid, where: 
rx = 0.176471 
t-2 = 1.176471 
tan 0 = 0.500000 
p, = 0.509804 
p2 = 0.843138 
p3 = 0.676471 
k = 1
(4.26)
(4.27)
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Eqs. (4.17) became:
(0 S6OSO6 -O.IIGI(,lft)Q, + (0 .7Z2537-0-34998lf t )Qz  -  2.24,8559 Q3o 
(0.908780- 0.364191f t )  Q ,-  3 .4 4 5 2 4 /<?2 +
(o.Z3S833 -O. 248031/3)0., + (-8-018010+ I. 3oS74S/3) 3. 718773
yielding the cubic equation:
0-781679f t 3- 11.672444 f t 2 + 8a -7/80Z7f t  - I I I -  60/  Sg4  = O (4.28)
from which f t  = 6.75 (4.29)
The critical buckling loads were then calculated for 
the test pyramids by substituting the values of f t  
from (4.23), (4.26) and (4.29) into the expression
The values of the Modulus of Elasticity and Poisson's ratio 
are given in Appendix 2.
The results of the critical buckling load calculations are 
given in Table 4. 2 .
2
y 3  = Mh and solving for N
2
where D = Et
12 ( 1 - p )
TABLE 4.2
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A
h.
(in.)
t
(in.)
D
(Ib.th.)
F z
(lb/m)
N.
(Ib/m.)
A/
(lb)
<3?
(lb)
Perspex 6.75 Z3.375 0.125 83 .S 10.20 67.9 Z&o 840
No. 2 6 .7 3 23.50 0.069 28.S 3.43 23.5 cyjfc/T 283
No. 4 6.73 23.50 0.078 41-2 4.9 5 3 4.0 136 408
No. 5 6.73 23.50 0.08/ 46.2 5.SS 38.2 153 459
No. 6 6.73 23. SO 0.086 SS.3 6.65 45.8 163 549
Barrel
Vault 6.67 24.00 O.OSS 13.65 /. 56 12.3 43 /Z9
Also given are Ity the uniformly distributed load in the plane 
of the plate at the apex; N, the total in-plane apex load; and 
Q, the total vertical load applied at the pyramid apex to 
produce the critical plate buckling load. These relationships 
are given below.
Nj = N2 r 2 , N ■ Njty , Q = n|\j sin
4.3 The determination of the effective width of the buckled 
Trapezoidal plates
The conclusions arrived at by Von Karman and Winter, that 
the effective width concept for the buckled rectangular plate 
was independent of the plate material, and that the concept 
applied to plates which were components of structural members
9 2
as well as individual plates, suggested that the same
concept could be applied to the plastics pyramids. The fact
that the ultimate load carried by the simply supported
rectangular plate was independent of the plate width also
suggested that the formulas derived from the tests on
rectangular plates could be applied, with modifications in
their interpretation, to trapezoidal plates. In showing that
the ultimate plate load was independent of the width Von
Karman used the deflected shape shown in Fig. 3.3 (a) to
solve the differential equation (3.6). He assumed that the
middle portion of the plate was removed leaving a rectangular
plate of width 2 w loaded by uniform compression. With
N = N = 0, Eq. (3.6) became: x xy
D[ £_£ + 2 <) z .  +  / z .  \  +  N u  < F z  -  o  '4-3C
\ d x *  d y f i  c )yz
for i\L positive in compression.
Dividing Eq. (4.30) by t to obtain N in terms of stress, (Xy ,
D ( Y z  + z j ±
\ 4  *
(4.30)
/
The boundary conditions were:
(4.31)
where iwas the length of the half wave of deformation 
along the line x = w .
The standard function foT the simply supported 
rectangular plate was:
Z s ZQ sm S2L £?n 111
ZU)q I
Calculation of the partial derivatives of (4.32) for 
substitution into (4.31) gave:
J  2  ~ z 0 sin T y  s in  ffx f  V
4 * *  L 2 u ) e \ Z U e J
~  -7.0 s'm Try s in  IE* / J L ) 2  
£ y z  L 2u>e. ‘ 7 /  r
Y z  _ z 0 sin Tij sin nx /  v f
~  L 2u>eI ( /
? z  ” Z& s in  Try siVi ][JL f i r
1 2u>el(
tad
Substitution of expressions (4.33) into Eq. (4.31) gave:
I z0Sin rg  Sin nx(  it4 + / j r f ) l
L I  Z u)e\lG U e 4 we*t* u///
-  (Ts z0 s/n 2 4  sin iry / j ) z = o
2lt)e
Dividing Eq. (4.34) through by z a sin J?  s i n e i
(4.32)
(4.33)
(■4.34)
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E t z [ j r i  + 2 jr?  + x M  -  Oy Z  
iz(i-fr) \ M U * i*  j  V (4.35)
Rearranging Eq. (4.35) and simplifying,
_ irz t z (  L + 2. + J_ ]
E  12 ( I - / )  ( I b V a  2 u > i  r i j
and factoring the right hand side,
y 2 t a -  +
\-u * ) U “ ’B  12. ( 1- / )  L 4uJe  I j
(4.36)
To find the minimum value of , the derivative of 
 ^ B
[ £ /  * f j  was taken with respect to I  and equated to zero.
Therefore,
J .  _ I  = o  
4bJ(L I 2-
or /= 2w„ (4.37)e
Substituting expression (4.37) into Eq. (4.36),
Z.
c v  a  tBJ/r j _  * 7  a  y * * 2
£  12(1-/)L ^ Wfi 2 W e J  ! Z ( l - / ) l V e z
(4.38)
from which
= t  r p —  a  
e  ( 4 - 3 9 )
Of\
A similar expression was derived by Sechler for the
deflected shape shown in Fig. 3.3 (b) in which the portions
wg were considered straight. This gave an expression ■
 ; ~ 1 ; ■ _ «■ „
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for the effective width,
(4 JO)
for a deflection function, z=  z a x s i n  m r< d
L
Below the ultimate load of the plate, the stress cra in 
Eqs. (4.39) and (4.40) can be replaced by cr& , 
the average stress on the effective plate width.
The value of <re in Eqs. (3.11), (3.12), (4.39) and
(4.40) was measured parallel to the junctions and therefore 
the effective width we was taken perpendicular to them.
As stated in Chapter 3, Eq. (3.13) was the most 
suitable form of an equation for the initial determination of 
the effective strut width for rectangular plates because both 
(T erand &  could be determined by the consideration of the 
plate in the pre-buckled condition. Therefore an equation of 
a similar form as (3.13) is proposed by the author for the 
determination of the effective strut width of trapezoidal plates. 
This new equation takes into account the geometry of the 
trapezoidal plate, and is given below:
where 6  = the angle between the junction and the 
centreline of the trapezoidal plate.
The effective width formulas of Chapter 3, plus the 
two given by Von Karman and Sechler, and the proposed
(4.41)
effective width formula of the author, are given in Table 4.3 
with a unified system of notation. For Eqs. (3.11) to (3.13) 
this entailed the change from the expression of the effective 
width in terms of be, the total effective width of both edges of 
the plate; to its expression in terms of we, the effective width 
of one side of the plate.
TABLE 4.3
Equation Basoct on uiork o-f Eef.S. 4pplied -to +r<* pQz.oid i'a| pia+es.
3.11 Winlar u>e- 0 . 9 S t { F [ l - O . s 74 / I  f t ) ]
3. 12 Ra m b erg gj& s b /Ik r1 ca.
3. 13 Somboc k = i  ( %-r)
4.39 oron Kctrman
A *40 Sec/i / er ws = *__ f E tV'ZCi + N) V CTfi
4.41 Gi l ki e
The standard to which these formulas were compared 
was obtained by determining the effective width of one side 
of an average equivalent strut which would give the pyramid 
the measured deflection properties under axial load.
4.4 Tests on perspex pyramid
Tests were carried out on the perspex pyramid for 
the following reasons:
1) to determine the stress distribution in the trapezoidal 
plate before and after buckling had occurred.
2) to check the accuracy of the collocation method and 
the assumed boundary conditions for calculating the 
critical buckling load.
3) to evaluate the proposed author's formula for the effective 
width used in calculating the effective strut areas of the 
hexagon a I-based pyramids.
The pyramid was tested with the two limiting support
conditions. The first was with the base continuously supported
and clamped. This was achieved by fixing the base of each wall
to a flange, and then fixing the flange to the rigid base, shown
in Fig. 2.14, at five positions along each side. The other extreme
was the provision of horizontal and vertical support at the
corners of the base only, to approximate the loading conditions
on the pyramids used in the full scale tests of Chapter 6. This
was done by releasing the continuous supports from the rigid
base and inserting shaped perspex pads, 3/16 in. thick, under
the corners of the pyramid.
4.5 Description of the pyramid
The pyramid was made from 1/8 in. thick perspex acrylic 
sheet. The proportions were the same as those given in Fig. 2.1, 
with the length of one base side equal to 27.50 in. Plan and 
elevation views, together with details of the various joints are 
shown in Fig. 4.5. The joints between the six trapezoidal 
plates were bevelled, and bonded with Tensol No. 7 cement.
The edges which were joined to the apex cap and the base
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Fig. 4 5  D&Laiis o f  perspex* f e s f  pyramid:
flanges were cut at right angles to the plate. This left 
a gap which was filled with cement to give an even transfer 
of load between the components.
The apex cap was drilled at six points to allow the 
apex connector shown in Fig. 2.13 to be rigidly clamped 
to it. The sturdy apex connector assured an even distribution 
of load to the tops of the six pyramid walls.
The perspex pad which was inserted at each corner 
of the pyramid to allow vertical and horizontal reactions 
at these points only, is shown in Fig. 4.6. At each corner, 
connection was made to the rigid base by two No. 8 round 
headed screws, 3 in. long. These passed through the 
flange and pad into the base.
Description of experimental set-up
Apex deflections were measured in the same manner as 
was described for the exploratory tests of Chapter 2, using 
four dial gauges seated on the steel apex plate.
Strains were measured with Tinsley type-16B electric 
resistance strain gauges with a gauge factor of 2.37 and a 
resistance of from 261.0 to 261.9 ohms. Forty-five degree 
strain rosettes, on both the inside and outside faces of one, 
trapezoidal plate gave a complete picture of the strain at 
thirteen points. The location of the gauges is shown in 
Fig. 4.7 .
~iq, 4.t> D e t a i l  o f  p e r s p e x  p a d  u s e d  a s  c o m e r  s u p p o r t s  
for p a r s p e x  t e s t  p y ra m id .
F ig. 4*7 loca tion  o f  strain  gauge r o s e t t e s  on toaH ©P 
perspex  p y ram id .
1 0 1
The gauges lay in four horizontal lines which were 
given the labels Section 1 to Section 4, progressing from the 
apex to the base. The widths of the trapezoidal plate at these 
sections were 6.80 in., 13.70 in., 20.60 in., and 26.50 in. 
respectively. It was not possible to have all the gauges of 
a rosette covering the same point on the plate, so they were 
arranged in such a way that each gauge was equidistant from 
the point, and as close as possible to it. The centres of the 
rosettes along the inclined junction were placed 0.3 in. from 
the edge to allow room for sticking the gauges, and those at 
the base were placed 1 in. from the junction with the flange 
for the same reason.
Two dummy gauges were used, one inside and one 
outside the pyramid. The seventy-eight active gauges were 
connected to ;; four 23-way strain gauge switch boxes, two 
each of which were connected to a Peekel strain recorder.
Strain was read to an accuracy of - 2.5 microstrains.
Load was applied by a 10-Ton hydraulic jack connected 
to a steel loading frame. The test set-up is shown in Fig. 4.8.
A 2000 lb. proving ring was used to record load on the pyramid. 
Only vertical loads were applied to the apex of the pyramid.
This was because the critical plate in any stressed-skin 
pyramid will always be the one under maximu m compression, 
regardless of whether it is a horizontal or vertical load at
Pig. 4.8 Tes+ se+-up fo r  perspex pyram id .
the apex causing the compression. Also worthy of note 
is the fact that the test set-up for the application of vertical 
load is much simpler and easier to control at high loads than 
is one designed for horizontal loading.
Support for the pyramid was achieved by resting the 
hexagonal box-beam on a grid of steel channels which were 
clamped to steel columns, which in turn were connected to 
the base of the load frame. Steel shims were used to level the 
channels on which the box-beam was seated. However, any 
slight movement of these steel supporting members had little 
or no effect on the recorded deflections because the frame 
holding the dial gauges was fastened to the hexagonal box- 
beam. This meant that the apex deflections were given with 
respect to the pyramid base as datum.
The procedure used in loading the pyramid was to
apply the full required load over a period of from one to two
minutes and to then let the loaded pyramid sit for one hour -
2 minutes. During this time the load was adjusted to maintain
it constant. The losses were due to creep in the perspex
and leakage in the hydraulic system. The continued loss of
load after one hour had passed was negligible. The strain
and deflection readings were recorded before and after load
was applied. Then the pyramid was unloaded and allowed 
to remain in this state for a minimum of 21 hours. This
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allowed any residual stresses to dissipate.
Two loadings at each of 400 lb, 800 lb, 1200 lb.
\
and 1600 lb. vertical apex load were carried out for the 
case when the base of the pyramid was continuously supported 
and clamped.
The same loading procedure was repeated for the case 
when only the corners of the pyramid were supported.
Because of the consistency of the results in the tests 
on the pyramid with continuous supports only one loading 
was carried out at each of 400 lb., 800 lb., 1200 lb., and 
1600 lb. Extra care was taken to assure that there were no 
mis-readings of the recording apparatus. A loading at 
600 lb. was added when it was found that the critical 
buckling load appeared to lie between 400 and 800 lb. for the 
corner support case.
4.7 Reduction of strain readings
It was necessary to reduce the strain readings to 
obtain the principal stresses and their directions, as well 
as horizontal and vertical axial stresses and bending maaements.
The average recorded strains were first corrected for 
the gauge factor of the strain gauges as shown below.
Corrected strain = Recorded strain x 2
Gauge Factor
The gauges used in this experiment were specially matched 
and all had a gauge factor of 2. 37 . The axial strain was
105 :
separated from the bending strain in the vertical (V), 
horizontal (H) and diagonal (D) directions at each 
location. These axial strains were then used to calculate 
the principal axial strains at each location using the 
expression.
and the principal axial strain directions using the formula
^  H
2 a n  = 2 Q g - ( s H+ 6V) for gauge directions
€ h ~ e o
and
tan ?«rr - p e 0-reH +ev) for gauge directions
Qv
eD
ev
The principal axial stresses were then calculated using the 
formulas:
(Tp -  £
/ - /U
i -
For the perspex used in the pyramid, 
E = 4 .5 x l0 5 lb/in.2
f i  = 0.35
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Therefore,
CV = 5 . 14 x l0 5 (e + 0.35 e )
c P Q
OV = 5.14 x 1CT (e„ + 0.35 e )q p
The principal axial stresses for the two support 
conditions are given in Tables A5 and A6 respectively.
The principal stress directions for the two support 
conditions are given in Tables A7 and A8.
Returning then to the corrected strains of the top and 
bottom of the plate in the vertical and horizontal directions 
at each location, the vertical and horizontal stresses at 
the top and bottom of the plate were calculated using the 
formulas:
(Tv  = .JL _ ( e v + r  e„J
f e n  +  / jey )
/ -JUZ 1 /
which for the perspex material, became:
CTV -  5 . 1 4  x IO 5  ( e y + o .  3 5  e«)
— 5 .1 -4  x 10*° (+ 0 . 3 5  G vf)
Using these values, the axial stress was separated from 
the bending stress in the vertical and horizontal directions, 
and the bending moments were calculated.
For a 1- in. wide strip, 1/8 in. thick,
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M = 0 . 0 0 2 6 1  O v .  lb .  i n .  / i n .
M . = 0 . 0 0 2 6 1  cThb lb .  i n . / i n .
w h e r e  <5VB a n d  <5hb r e p r e s e n t  t h e  b e n d i n g  s t r e s s e s  i n
t h e  t w o  d i r e c t i o n s .
T h e  a x i a l  a n d  b e n d i n g  s t r e s s e s  in  t h e  v e r t i c a l  a n d  
h o r i z o n t a l  d i r e c t i o n s  f o r  t h e  t w o  s u p p o r t  c o n d i t i o n s  a r e  
g i v e n  i n  T a b l e s  A 9  a n d  A 1 0 .
T h e  b e n d i n g  m o m e n t s  in  t h e  v e r t i c a l  a n d  h o r i z o n t a l  
d i r e c t i o n s  f o r  t h e  t w o  s u p p o r t  c o n d i t i o n s  a r e  g i v e n  i n  
T a b l e s  A l l  a n d  A 1 2 .
T h e  v e r t i c a l  a p e x  d e f l e c t i o n s  f o r  t h e  t w o  s u p p o r t  
c o n d i t i o n s  a r e  g i v e n  i n  T a b l e  A 1 3 .
4 . 8  R e s u l t s  o f  t e s t s  o n  p y r a m i d  w i t h  c o n t i n u o u s  f i x e d  s u p p o r t s  
T h e  r e s u l t s  o f  t h e  t e s t s  o n  t h e  p y r a m i d  w i t h  t h e  
c o n t i n u o u s  f i x e d  s u p p o r t s  a r e  d i s c u s s e d  f i r s t .  T h e  
d i s t r i b u t i o n  o f  t h e  a x i a l  s t r e s s e s  crv a n d  <TH a c r o s s  t h e  
t r a p e z o i d a l  p l a t e  f o r  t h e  f o u r  i n c r e m e n t s  o f  a p e x  l o a d  i s  s h o w n  
in  F ig .  4 . 9 .  B e f o r e  b u c k l i n g  o c c u r r e d  ( 4 0 0  lb,  8 0 0  lb) 
t h e  v e r t i c a l  s t r e s s  OV s h o w e d  t h e  s a m e  d i s t r i b u t i o n  w h i c h  
o n e  o b t a i n s  u s i n g  t h e  t h e o r y  o f  t h e  i n f i n i t e  w e d g e  a t  S e c t i o n s  
1 a n d  2 .  T h e  v e r t i c a l  s t r e s s  a l o n g  t h e  c e n t r e l i n e  w a s  
a p p r e c i a b l y  g r e a t e r  t h a n  t h a t  n e a r  t h e  e d g e .  A t  S e c t i o n  3 ,  
t h e  e f f e c t s  o f  t h e  c o n t i n u o u s  s u p p o r t s  b e c a m e  m o r e  p r o m i n e n t

b u t  t h e  s t r e s s e s  w e r e  s t i l l  s i m i l a r  t o  t h o s e  g i v e n  b y  t h e  I
»
i n f i n i t e  w e d g e  t h e o r y .  T h e  u n e v e n  d i s t r i b u t i o n  o f  t h e  v e r t i c a l  
s t r e s s e s  a l o n g  t h e  b a s e  w a s  d u e  t o  t h e  l o c a l  e f f e c t s  o f  t h e  c l a m p i n g  
s c r e w s .  A t  a l l  l o a d i n g s  t h e  s t r e s s e s  a t  t h i s  s e c t i o n  w e r e  g r e a t e s t  
i n  t h e  v i c i n i t y  o f  t h e  s c r e w s .  H o w e v e r / t h e s e  e f f e c t s  w e r e  l o c a l  
a n d  t h e i r  i n f l u e n c e  o n  t h e  s t r e s s e s  at  S e c t i o n  3  w a s  n e g l i g i b l e .
T h e  h o r i z o n t a l  a x i a l  s t r e s s e s  u p  t o  8 0 0  lb .  v e r t i c a l  a p e x  
l o a d  w e r e  s o  s m a l l  a s  t o  b e  c o n s i d e r e d  n e g l i g i b l e ,  b u t  it s h o u l d  
b e  n o t e d  t h a t  t h e y  w e r e  t e n s i o n  s t r e s s e s .
A f t e r  b u c k l i n g  h a d  o c c u r r e d ,  ( 1 2 0 0  lb, 1 6 0 0  lb),  t h e  v e r t i c a l  
a x i a l  s t r e s s  a l o n g  t h e  e d g e s  i n c r e a s e d  v e r y  r a p i d l y ,  a n d  b e c a m e  
s e v e r a l  t i m e s  g r e a t e r  t h a n  t h e  s t r e s s  a l o n g  t h e  c e n t r e l i n e ,  
w h i c h  r e m a i n e d  a l m o s t  c o n s t a n t  a t  a b o u t  t h e  s a m e  s t r e s s  a s  w a s  
r e c o r d e d  a t  8 0 0  lb.  T h i s  i s  c o n s i s t e n t  w i t h  t h e  f i n d i n g s  f o r  
r e c t a n g u l a r  p l a t e s  w h e r e  t h e  s t r e s s  i n  t h e  c e n t r e  o f  t h e  p l a t e  
r e m a i n e d  c o n s t a n t  a n d  e q u a l  t o  t h e  c r i t i c a l  b u c k l i n g  s t r e s s  i n  
t h e  p o s t - b u c k l i n g  r a n g e .
H o r i z o n t a l  c o m p r e s s i o n  s t r e s s e s  w e r e  n o t e d  n e a r  t h e  a p e x  b u t
t e n s i o n  s t r e s s e s  d e v e l o p e d  n e a r  t h e  c e n t r o i d  o f  t h e  t r a p e z o i d a l
p l a t e .  It  i s  t h e s e  t e n s i l e  f o r c e s  w h i c h  s t a b i l i z e  t h e  j u n c t i o n s  a s
t h e  u l t i m a t e  load  o f  t h e  p y r a m i d  i s  a p p r o a c h e d .  T h e  h i g h  h o r i z o n t a l
s t r e s s  a t  t h e  j u n c t i o n  o n  S e c t i o n  1 w a s  t h e  h o r i z o n t a l  c o m p o n e n t
o f  t h e  p r i n c i p a l  c o m p r e s s i o n  s t r e s s ,  <5^- w h i c h  la y  
p a r a l l e l  t o  t h e  j u n c t i o n .  T h e  p r i n c i p a l
1 0 9  ■
1 1 0
s t r e s s  p e r p e n d i c u l a r  t o  t h e  j u n c t i o n , <TP ,  w a s  v e r y  s m a l l .
T h e  s m a l l  h o r i z o n t a l  s t r e s s e s  o f  S e c t i o n  4  i n d i c a t e d  t h a t  i n ­
p l a n e  s t i f f n e s s  o f  t h e  b a s e  w a s  g r e a t  e n o u g h  f o r  it t o  b e  
c o n s i d e r e d  r i g i d l y  f i x e d .
T h e  p r i n c i p a l  s t r e s s  d i r e c t i o n s  a r e  s h o w n  in  F ig .
4 . 1 0  (a ) .  T h e  r a n g e  o f  v a r i a t i o n  in  t h e  a n g l e  i s  s m a l l  
e x c e p t  n e a r  t h e  b a s e  w h e r e  t h e  l o c a l  s u p p o r t  e f f e c t s  
c a u s e d  s o m e  d i s c r e p a n c y .  A t  S e c t i o n  2 ,  w h e r e  t h e  e f f e c t s  
o f  t h e  b u c k l i n g  o f  t h e  p l a t e  w e r e  m o s t  s e v e r e ,  t h e  v a r i a t i o n  
w a s  a t t r i b u t e d  t o  t h e  d i s t a n c e  o f  t h e  g a u g e s  f r o m  t h e  
t h e o r e t i c a l  p o i n t  o f  m e a s u r e m e n t .  T h e  s m a l l  r a n g e  o f  
v a r i a t i o n  o f  t h e  p r i n c i p a l  s t r e s s  d i r e c t i o n s  a l o n g  t h e  
c e n t r e l i n e  j u s t i f i e d  t h e  u s e  o f  g a u g e s  o n  o n l y  o n e  h a l f  o f  
t h e  p l a n e  o f  s y m m e t r y .
T h e  v e r t i c a l  s t r e s s  d i a g r a m s  g i v e n  in  t h i s  c h a p t e r  
w e r e  o r i g i n a l l y  d r a w n  at  t h r e e  t i m e s  t h e  s c a l e  s h o w n .  I n  
t h i s  f o r m ,  t h e  a r e a s  u n d e r  t h e  s t r e s s  c u r v e s  w e r e  i n t e g r a t e d  
g r a p h i c a l l y  t o  d e t e r m i n e  t h e  f o r c e  i n  e a c h  o f  S e c t i o n s  I, 2  a n d  
3 ,  a n d  c o m p a r e d  w i t h  t h e  s t r e s s  r e q u i r e d  f o r  v e r t i c a l  e q u i l i b r i u m  
o f  t h e  p y r a m i d .
T h e r e f o r e ,  t h e  i n - p l a n e  f o r c e  a t  a n y  g i v e n  s e c t i o n  
f o r  o n e  t r a p e z o i d a l  p l a t e  w a s :
Ff = A  x  t
I,

I1 1 2
w h e r e  F. = t h e  i n - p l a n e  f o r c e  a c t i n g  a t  t h e  s e c t i o n  ( l b . )
A  = t h e  a r e a  u n d e r  t h e  s t r e s s  c u r v e  ( l b . / i n . )
t = t h e  t h i c k n e s s  o f  t h e  p l a t e  ( i n . )
F o r  e q u i l i b r i u m  i n  t h e  v e r t i c a l  d i r e c t i o n ,  t h i s  
i n - p l a n e  f o r c e  s h o u l d  e q u a l
F, = Q. esc X 
\ n
w h e r e  Q = t h e  v e r t i c a l  a p p l i e d  l o a d  a t  t h e  a p e x
n  = t h e  n u m b e r  o f  w a l l s  o f  t h e  p y r a m i d
X  =  t h e  a n g l e  b e t w e e n  t h e  w a l l s  a n d  t h e  b a s e
F o r  t h e  h e x a g o n a l - b a s e d  p e r s p e x  p y r a m i d ,  X =  3 0 ° ,  s o
T h e  r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  o n  t h e  p y r a m i d  w i t h  t h e  
f i x e d  s u p p o r t  a r e  g i v e n  i n  T a b l e  4 . 4  f o r  S e c t i o n s  i, 2  a n d  3 .
TABLE 4 . 4
0 Clb.) 4 0 0 8 0 0 ( Z O O ( G O O
®/3 (lb.) 133 267 4 o o 5 3 3
S e c t i o n fiflt.) F,'/K) R (It.) Ft ( It.) (&/a) F i ( l  tJ F i / p / 3)
1 1 0 8 0 - 8 1 2 / 6 0 - 8 1 3 5 8 0 . 8 9 4 8 4 0 . 9 1
Z / O o 0 . 1 5 1 8 7 0 . 7 0 3 3 1 0 . 8 3 4 6 \ 0 . 8 7
3 I o s 0 . 7 9 1 8 7 0 . 7 0 2 9 7 0 . 7 4 4 o o 0 - 7 5
T h e  a g r e e m e n t  i s  b e s t  n e a r  t h e  a p e x  a n d  a t  t h e  
h i g h e r  l o a d s .  T h e r e f o r e  s o m e  o f  t h e  d i s c r e p a n c y  c a n  b e  
^ a t t r i b u t e d  t o  t h e  a c c u r a c y  w i t h  w h i c h  t h e  i n t e g r a t i o n  w a s  
c a r r i e d  o u t .  T h e  g r e a t e r  t h e  s t r e s s ,  t h e  g r e a t e r  w a s  t h e  
a c c u r a c y  w i t h  w h i c h  t h e  a r e a  u n d e r  t h e  g r a p h  c o u l d  b e
1 1 3
c a l c u l a t e d .  A n o t h e r  s o u r c e  o f  e r r o r  w a s  in  d r a w i n g  
t h e  a c t u a l  s h a p e  o f  t h e  s t r e s s  d i s t r i b u t i o n .  A n  a t t e m p t  
w a s  m a d e  t o  d r a w  t h e  c u r v e s  a s  c o n t i n u o u s  a n d  s m o o t h -  
f l o w i n g  t h r o u g h  t h e  p o i n t s  a s  p o s s i b l e ,  b u t  t h e  d i s t a n c e  
b e t w e e n  p o i n t s  a l l o w e d  a m p l e  r o o m  f o r  t h e  1 0 %  t o  3 0 %  e r r o r  
i n v o l v e d .  A n d  f i n a l l y ,  b e c a u s e  t h e  a r e a s  o b t a i n e d  f r o m  t h e  
r e c o r d e d  s t r e s s e s  w e r e  a l l  l e s s  t h a n  t h a t  e x p e c t e d  f o r  
e q u i l i b r i u m ,  it w a s  p o s s i b l e  t h a t  t h e  l o a d  a t  t h e  a p e x  w a s  
n o t  a p p l i e d  c e n t r a l l y .
4 . 9  T h e  a p p l i c a t i o n  o f  t h e  t h e o r i e s  t o  t h e  r e s u l t s  o f  t e s t s
o n  t h e  p y r a m i d  w i t h  c o n t i n u o u s  s u p p o r t s
T h e  i n f i n i t e  w e d g e  t h e o r y  w a s  u s e d  t o  c a l c u l a t e  t h e
s t r e s s e s  a t  S e c t i o n s  1,  2  a n d  3  i n  t h e  p r e - b u c k l i n g  r a n g e .
T h e  c o e f f i c i e n t s  u s e d  f o r  t h e  c a l c u l a t i o n  o f  cr* f a s  g i v e n  
15
by  R o b a k  , a r e  s h o w n  in  F ig .  4 . 1 1 .  T h e  v a l u e s  o f  o v  
o b t a i n e d  b y  t h i s  m e t h o d  w e r e  r e d u c e d  t o  b r i n g  t h e m  i n t o  
l i n e  w i t h  t h e  f i n d i n g s  o f  t h e  s t u d y  o f  t h e  v e r t i c a l  e q u i l i b r i u m , 
g i v e n  i n  T a b l e  4 . 4  a n d  a r e  s h o w n  b y  c r o s s e s  ( x  ) i n  F ig .  4 . 9  . 
A c c e p t i n g  t h a t  t h i s  r e d u c t i o n  w a s  j u s t i f i e d ,  t h e  c o r r e l a t i o n  w a s  
r e m a r k a b l y  g o o d .
F u r t h e r  d o w n  t h e  p l a t e  a t  S e c t i o n  4  t h e  s u p p o r t s  
a f f e c t e d  t h e  s t r e s s  d i s t r i b u t i o n ,  a n d  it w a s  i m p o s s i b l e  t o  
m a k e  a n y  c o m p a r i s o n  o f  t h e  r e s u l t s .
v a l u e s  o f  k
<rv = k f i  
tb
F i g .  4 ’H C o e f f i c i e n t s  f o r  e v a l u a t i  o n  o f  C 
i n f i n i t e  w e d g e  t h e o r y .
J
V b y  t h e
T h e  v e r t i c a l  a n d  h o r i z o n t a l  m o m e n t  d i a g r a m s  a r e  
g i v e n  in  F i g .  4 . 1 2  . T h e s e  s h o w e d  t h a t  u p  t o  a  l o a d  o f  
Q = 8 0 0  lb , ,  t h e  m o m e n t s  i n  b o t h  d i r e c t i o n s  w e r e  
n e g l i g i b l e  w i t h  t h e  p l a t e  a c t i n g  w h o l l y  in  t h e  s m a l l  
d e f l e c t i o n  r a n g e  o f  p l a n e  s t r e s s .
T h e  d i a g r a m  f o r  r f  a n d  v e r s u s  t h e  a p p l i e d  a p e x  
l o a d  a r e  g i v e n  i n  F i g s .  4 . 1 3  a n d  4 . 1 4  r e s p e c t i v e l y ,  f o r  t h e  
g a u g e s  a l o n g  t h e  j u n c t i o n  a n d  a l o n g  t h e  c e n t r e l i n e .  T h e  
v e r t i c a l  a p e x  d e f l e c t i o n  f o r  t h e  f o u r  l o a d  i n c r e m e n t s  i s  
g i v e n  in  F ig .  4 . 1 5 .  B o t h  s t r e s s  d i a g r a m s  s h o w e d  t h a t  t h e  
s t r e s s e s  i n c r e a s e d  l i n e a r l y  u p  t o  Q = 8 0 0  lb .  A t  1 2 0 0  lb .  
a n d  1 6 0 0  lb, ,  t h e  s l o p e  o f  t h e  g r a p h s  i n c r e a s e d  a p p r e c i a b l y  
f o r  t h e  l o c a t i o n s  a l o n g  t h e  j u n c t i o n *  a n d  d e c r e a s e d  
a p p r e c i a b l y ,  b e c o m i n g  h o r i z o n t a l ,  f o r  t h e  l o c a t i o n s  a l o n g  t h e  
c e n t r e l i n e .  T h i s  o b s e r v a t i o n  c a n  a l s o  b e  a p p l i e d  t o  t h e  
g r a p h  o f  v e r t i c a l  a p e x  d e f o r m a t i o n .  T h e r e f o r e ,  t h e  c r i t i c a l  
b u c k l i n g  l o a d  w a s  g r e a t e r  t h a n  Q = 8 0 0  1b.
B y  p r o j e c t i n g  t h e  s t r a i g h t  l i n e  p o r t i o n s  o f  t h e  g r a p h  
f o r  t h e  v e r t i c a l  s t r e s s  a t  l o c a t i o n  2, u n t i l  t h e y  m e t  e a c h  o t h e r ,  it  
w a s  e s t a b l i s h e d  t h a t ,  w i t h o u t  a l l o w i n g  a  t r a n s i t i o n  p e r i o d  b e t w e e n  
t h e  t w o  s t r a i g h t  l i n e  p o r t i o n s ,  t h e  c r i t i c a l  b u c k l i n g  l o a d  w a s  
r e a c h e d  b e f o r e  Q = 8 8 0  ib .  T h e  s a m e  t e c h n i q u e  a p p l i e d  to  
t h e  a p e x  d e f l e c t i o n  g r a p h  g a v e  a  m a x i m u m  b u c k l i n g  l o a d  o f  
Q = 9 4 0  1b. T h i s  r a n g e  o f  v a l u e s  w a s  i n  v e r y  g o o d  a g r e e m e n t
1 1  6
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F i g .  4 . 1 3  V a r i a t i o n  in Gy v e r s u s  a p e x  l o a d  t o r  p y r a m i d
UJi+h C o n t i n u o o t s  f i x e d  s u p p o r t s .
S
M
M
1-\
A p e x  L o a d , Q >  (lb.)
Boo _____ 1*0 0 i t o  o
1 1 8
A p e x  L o a d ,  Q , ( 1 b , )
F i g .  4" 14 V a r i a t i o n  in 6 f  v e r s u s  a p e x  l o a d  b a r  p e r s p e x  
p y r a m i d  ujith Con finuous f i x  e d  s u p p o r  f s .
O. tb
C o r n e r
S u p p o r t
ft v,, , . ^ v , ^  d e f l e c t / o n  ©f  p e r s p e x  p y r a m i d  
u n d e r  v e r t i c a l  a p e x  l o a d .
F /g . 4 - / 5  V c r f i c a l  a p e x
0 .0 4
©
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V e r t i c a l  a p e x  l o a d  , Q , (/b .) 
4oo 8oo 12.00 /6oo
Coo^/rj^oaS 
F" ixecf 
S u p p o r t
1 2 0
w i t h  t h e  t h e o r e t i c a l  v a l u e  o f  Q = 8 4 0  lb .  c a l c u l a t e d  
by  t h e  m e t h o d  o f  c o l l o c a t i o n  o n  t h e  a s s u m p t i o n  t h a t  t h e  
e d g e s  o f  t h e  p y r a m i d  w a l l s  w e r e  s i m p l y  s u p p o r t e d .
In  t h e  p o s t  b u c k l i n g  r a n g e  it w a s  n o t e d  t h a t  t h e  
. e d g e  s t r e s s  a t  S e c t i o n  3  w a s  n o t  o n l y  o f  s m a l l e r  m a g n i t u d e  
t h a n  a t  S e c t i o n s  1 a n d  2 ,  b u t  t h e  r a n g e  o f  m a x i m u m  s t r e s s  
b e c a m e  w i d e r .  T h i s  w a s  b e c a u s e  o f  t h e  g r e a t e r  w i d t h  o f  t h e  
p l a t e  a t  t h a t  s e c t i o n .  T h i s  w a s  in  c o n t r a s t  t o  t h e  s t r e s s  
d i s t r i b u t i o n  f o u n d  w i t h  b u c k l e d  r e c t a n g u l a r  p l a t e s  w h e r e  t h e  
v e r t i c a l  s t r e s s  d i s t r i b u t i o n  r e m a i n e d  t h e  s a m e  a l o n g  t h e  l e n g t h  
o f  t h e  p l a t e  g i v i n g  a  c o n s t a n t  e f f e c t i v e  w i d t h .  T h e  i n c r e a s e  
i n  t h e  w i d t h  o f  t h e  d i s t r i b u t i o n  f o r  t h e  t r a p e z o i d a l  p l a t e  
i n d i c a t e d  t h a t  t h e  e f f e c t i v e  w i d t h  i n c r e a s e d  n e a r  t h e  b a s e  
b e c a u s e  o f  t h e  s t i f f e n i n g  e f f e c t  o f  t h e  s u p p o r t .
T h e  b e n d i n g  m o m e n t s  b e c a m e  v e r y  l a r g e  a t  t h e  a p e x  
a n d  b a s e  o f  t h e  p l a t e  a f t e r  b u c k l i n g  h a d  o c c u r r e d .  T h e  
m a x i m u m  c o m b i n a t i o n  o f  a x i a l  a n d  b e n d i n g  s t r e s s  w a s  a t  
L o c a t i o n  1, i n  t h e  v e r t i c a l  d i r e c t i o n .  T h e  n e c e s s i t y  f o r  
t h e  s t r e n g t h e n i n g  o f  t h e  a p e x  r e g i o n  o f  t h e  p y r a m i d s  h a s  
b e e n  a c c e p t e d  f o r  s o m e  t i m e .
T h e  e f f e c t i v e  w i d t h  f o r m u l a s  w e r e  a p p l i e d  t o  t h e  r e s u l t s  
o f  t h e s e  t e s t s  t o  s e e  if  t h e  t r a p e z o i d a l  p l a t e  c a n  b e  c o n s i d e r e d  
a s  a  s e r i e s  o f  r e c t a n g u l a r  p l a t e s  w h i c h  g e t  p r o g r e s s i v e l y  
w i d e r .
1 2 1
A s  w a s  m e n t i o n e d  p r e v i o u s l y ,  t h e  s t a n d a r d  o n  w h i c h  
t h e  e f f e c t i v e  w i d t h  f o r m u l a s  w e r e  b a s e d  w a s  t h e  w i d t h  o f  
t h e  e f f e c t i v e  s t r u t  r e q u i r e d  t o  g i v e  t h e  p y r a m i d  t h e  
m e a s u r e d  d e f l e c t i o n  p r o p e r t i e s  u n d e r  a x i a l  c o m p r e s s i v e  lo a d  
w h e n  it  w a s  a s s u m e d  t o  b e  a  p i n - c o n n e c t e d  s k e l e t o n  s t r u c t u r e .
T h e  e f f e c t i v e  w i d t h  w h e n  t h e  w h o l e  p l a t e  w a s  a c t i v e  
b e f o r e  b u c k l i n g ,  w a s  c a l c u l a t e d  a s  s h o w n  b e l o w .
R e f e r r i n g  t o  F ig .  2 . 1 1 ( a ) ,  
a r e a  A B C D  =
F o r  t h e  p e r s p e x  p y r a m i d ,  h  = 2 3 . 3 7 5  i n .
b j  = 4 . 1 2 5  i n .  
b ~  = 2 7 . 5 0  i n .
T h e  e f f e c t i v e  w i d t h  w a s  t h e n  d e t e r m i n e d  b y  d i v i d i n g  t h i s  
a r e a  by  t h e  l e n g t h  o f  t h e  i n c l i n e d  j u n c t i o n .
w h e r e  0  i s  t h e  a n g l e  b e t w e e n  t h e  j u n c t i o n  a n d  a x i s  o f  
t h e  p l a t e ,  2 6 °  -  3 4 ' .
T h e r e f o r e ,
Sin 9
1 2 2
T h e  c a l c u l a t i o n  o f  t h e  e f f e c t i v e  w i d t h  f r o m  t h e  
d e f l e c t i o n  p r o p e r t i e s  w a s  d o n e  u s i n g  t h e  p r i n c i p l e s  
o f  s t r a i n  e n e r g y  a s  d e s c r i b e d  i n  S e c t i o n  2 . 4 .
,  A Y  =  T E L  d £
4<3 AE clQ
=  LU*Q)  ( 2 6 .  <q) / t f s l
\ & J ^  £  ( Co )
o r ,  A e =  z  i . 7 5  _ o _  (4 . 4 3 )
bu t :  A  e  =  2  U j e  i
T h e r e f o r e ,  U J &  -  8 7 , 0 0 0  ( 4 . 4 4 )
S y  E
To c a l c u l a t e  t h e  e f f e c t i v e  w i d t h s  u s i n g  t h e  E q u a t i o n s  
o f  T a b l e  4 . 3 ,  it w a s  f i r s t  n e c e s s a r y  t o  d e f i n e  t h e  s t r e s s e s  
i n v o l v e d .  T h e  v a l u e s  o f  r f  w e r e  t a k e n  e q u a l  t o  t h e  
p r i n c i p a l  s t r e s s e s  <5+ a c t i n g  p a r a l l e l  t o  t h e  i n c l i n e d  j u n c t i o n  
a t  g a u g e  l o c a t i o n s  2,  5  a n d  9 .
T h e  e x p e r i m e n t a l  o £ r  v a l u e s  w e r e  o b t a i n e d  f r o m  
Fig .  4 . 1 3  f o r  S e c t i o n s  2  a n d  3  by  s c a l i n g  o f f  t h e  s t r e s s e s  a t  
w h i c h  t h e  g r a p h s  b e c a m e  h o r i z o n t a l  f o r  g a u g e  l o c a t i o n s  
3 a n d  6  r e s p e c t i v e l y .  T h i s  m e t h o d  w a s  n o t  a p p l i c a b l e  to  
S e c t i o n  1, g a u g e - l o c a t i o n  1, b e c a u s e  t h e  l o a d - s t r e s s  c u r v e
s h o w e d  a  m o r e  g r a d u a l  c h a n g e  o f  s l o p e .  H o w e v e r ,  f r o m  t h e  
s t r e s s  d i s t r i b u t i o n  a t  S e c t i o n  1  s h o w n  in  F ig .  4 . 9 ,  it  w a s
1 2 3
o b v i o u s  t h a t  t h e  b u c k l i n g  o f  t h a t  p o r t i o n  o f  t h e  p l a t e
o c c u r r e d  b e t w e e n  8 0 0  l b , a n d  1 2 0 0  lb.  T h e r e f o r e ,  t o
d e t e r m i n e  t h e  c r i t i c a l  b u c k l i n g  s t r e s s  a t  S e c t i o n  1, t h e
l i n e a r  p o r t i o n  o f  t h e  l o a d - s t r e s s  g r a p h  f o r  g a u g e  n u m b e r  1,
w a s  e x t e n d e d  t o  m e e t  t h e  p r o j e c t i o n  o f  a  l i n e  t h r o u g h  t h e
s t r e s s e s  a t  Q e q u a l  t o  1 2 0 0  I b . a n d  1 6 0 0  lb .  T h e  e l b o w  o f
?
t h i s  c u r v e  w a s  a t  a  s t r e s s  o f  3 9 0  l b / i n .
U n l i k e  t h e  c o n s t a n t  e f f e c t i v e  w i d t h s  w h i c h  w e r e  
o b t a i n e d  w i t h  b u c k l e d  r e c t a n g u l a r  p l a t e s ,  t h e  e f f e c t i v e  
w i d t h s  o f  t h e  b u c k l e d  t r a p e z o i d a l  p l a t e  v a r i e d  a l o n g  t h e  
j u n c t i o n .  T h e  a v e r a g e  e f f e c t i v e  w i d t h  f o r  t h e  t r a p e z o i d a l  
p l a t e  w a s  c a l c u l a t e d  b y  p l o t t i n g  t h e  e f f e c t i v e  w i d t h s  a t  
S e c t i o n s  1,  2  a n d  3  o n  g r a p h  p a p e r .  A  s m o o t h  c u r v e  w a s  
d r a w n  t h r o u g h  t h e  t h r e e  p o i n t s  a n d  t h e  t o t a l  a r e a  u n d e r  t h e  
c u r v e  w a s  c a l c u l a t e d .  T h i s  w a s  d i v i d e d  b y  t h e  l e n g t h  o f  t h e  
j u n c t i o n  t o  g i v e  t h e  a v e r a g e  e f f e c t i v e  w i d t h .  A  t y p i c a l  c u r v e  
i s  s h o w n  i n  F ig .  4 . 1 6  f o r  t h e  e f f e c t i v e  w i d t h s  c a l c u l a t e d  b y  
Eq( 4 . 4 1 )  a t  a n  a p e x  lo a d  Q = 1 2 0 0  1b.
T h e  d a t a  r e q u i r e d  f o r  t h e  a p p l i c a t i o n  o f  t h e  e f f e c t i v e  
w i d t h  E q s .  ( 3 . 1 1 ) ,  ( 3 . 1 2 ) ,  ( 4 . 3 9 ) ,  a n d  ( 4 . 4 0 ) ,  t o  t h e  
e x p e r i m e n t a l  r e s u l t s  i s  g i v e n  in  T a b l e  4 . 5  .
m j i
«>. * ./ iffy,
Fig. 4-16 T y p i c a l  e x a m p l e  o f  e f f e c t i v e  u n d t k  d e t e r m i n a t i o n . .  ^
TABLE 4 . 5
Sec  f  ion
b A E».p. ^cr <re * cr,. ( l b / i n . * )
( in ) (in?) ( l b . / m l ) Q=400ll>. Q 80oH>. <?« 1 2  C O  I k . 6} a MdOO lb.
1 6 .  8 0 0 . 8 5 3 9  O t o o / 9 8 5 3 0 9 8 0
z l Z . l O U I  t 1 5 8 5 0 / O Z 3 8 7 6>4!
3 2 0 .  6 0 2 . 5 8 8 8 3 4 7 6 J 5 4 2 6 3
T h e  a p p l i c a t i o n  o f  E q s .  ( 3 . 1 3 )  a n d  ( 4 . 4 T )  a l s o  r e q u i r e d  
t h e  d e t e r m i n a t i o n  o f  t h e  a v e r a g e  s t r e s s  o n  t h e  g r o s s  a r e a ,  O '  . 
T h e  v a l u e s  o b t a i n e d  f r o m  g r a p h i c a l  i n t e g r a t i o n  o f  t h e  
s t r e s s  d i s t r i b u t i o n  c u r v e s  o f  F ig .  4 . 9  a r e  g i v e n  i n  T a b l e  4 . 6  .
TABLE 4 . 6
S e c h o n f r ^
E x p e r i m e n t a l  O' ( Experimental
(T cr
( \ l ° . / > n z )
4oo 8 o o 1 2 0 0 1 6 0 0
1 12 7 2 5 4 4 1 0 5 6 9 3 9 0
Z 5 8 . 5 1 0 9 1 9  3 2 1 0 1 3 8
3 3 6 . 0 1 2 . 8 1 1 5 1 5 5 8 8
E q u a t i o n  (4 .41! )  w a s  a l s o  a p p l i e d  u s i n g  t h e o r e t i c a l  v a l u e s  
o f  b o t h  G V  a n d  cr . T h e  v a l u e  o f  (Tcr  a t  S e c t i o n  1 w a s  
c a l c u l a t e d  u s i n g  t h e  i n f i n i t e  w e d g e  t h e o r y  a t  t h e  
t h e o r e t i c a l  c r i t i c a l  b u c k l i n g  l o a d  o f  Q = 8 4 0  lb .
T h e  v a l u e s  o f  ( ^ r  a t  S e c t i o n s  2  a n d  3  w e r e a l s & d e t e r m i n e d  b y  
t h e  i n f i n i t e  w e d g e  t h e o r y  a t  Q = 8 4 0  lb. T h e  t h e o r e t i c a l  
v a l u e s  o f  c r  w e r e  o b t a i n e d  b y  c o n s i d e r i n g  t h e  v e r t i c a l  
e q u i l i b r i u m  o f  t h e  p y r a m i d  a t  e a c h  s e c t i o n .  T h e  r e s u l t s  a r e  
g i v e n  i n  T a b le  4 . 7 .
T a b le  4 . 7
Secrion \
Theoretical G* ( /t/in*) Theoretical 
GW »H* )4 o o 8oo 12 0 0 l GOO
1 1 5 7 3 14 470 628 338
z 78 156 234 313*
3 52 1 0 4 IBS SLOG 130
It w a s  t h e n  p o s s i b l e  t o  p r o c e e d  w i t h  t h e  a p p l i c a t i o n  o f  t h e  
e f f e c t i v e  w i d t h  f o r m u l a s ,  t h e  r e s u l t s  o f  w h i c h  a r e  g i v e n  i n  
T a b le  4 . 8 .  F o r  r e a s o n s  w h i c h  a r e  d i s c u s s e d  i n  C h a p t e r  5, it i s  
c o n v e n i e n t  t o  h a v e  t h e  e f f e c t i v e  w i d t h  c o n v e r t e d  t o  e f f e c t i v e  
a r e a s  o f  s t r u t ,  A  T h i s  i s  d o n e  b y  m u l t i p l y i n g  t h e  e f f e c t i v e  * 
w i d t h s  w  b y  2  t o  g i v e  t h e  t o t a l  s t r u t  w i d t h  a t  t h e  j u n c t i o n ,  a n d
V
b y  t h e  t h i c k n e s s  t, t o  g i v e  t h e  e f f e c t i v e  a r e a .
TABLE 4 . 8
1 2 7
Q  s 4 0 0  lb. \
E q u a t i o n
cu e  ( i n - ) A v e r a g e
LOe 
Cin.)
Aq
( i n ? )Section 1 Section 2 Section 3
(3 .1 1 ) 2 . 3 2 5 .6 6 8 . 2 1 5 . 3 0 1*3 2
43.12) 6 . 7 1 I / . 4 0 1 6 .6 0 > 7 '0 7 > U 7 7
( 3-13)  E*p. fO-41 1 6 .2 0 2 4 .5 o > 7.47 7 1*77
(4-39) e .13 U 'S o 13.9)0 > 7*07 7 1*77
(4 -4 o ) S . u 7 . 23 8 .1 4 6*25 I. 5 6
(4-41) Theor- 7.71 15.40 Z 3.oo 7 7 0 1 7 I '7 7
(4 .4 1 ) E x p . 0 .3 4 1 4 .5 0 2 1 .9 0 > 1 - 0 7 7 I ' l l
( 4 .4 4 )  D atu m - — — 6 . 1 4 1 .6 8
<3 = 8 0 0  lb .
( 3 . 1 1 ) 2.82 5 .1 5 6 . 8 0 4 . 8 9 A 2.2
(3.12) 4 J 8 7 .9 5 11. 10 7 7 .0 7 >/• 77
(3.13) Ex.p. 5 . 2 0 8 . 7 2 1 2 .8 5 >7.07 > 1 .7 7
(+•39) 5 . 77 8 . 0 3 9 . 3 1 > 7.07 > 1*77
(4 -4 0 ) 3 .6 2 5 . 0  5 5 . 8 5 4 . 9 4 1*23
(4 -41 ) Theor. 3 .# 6 7 .7 0 / / . s o > 7 .0 1 > \ .1 7
(4 .4 1 )  Exp. 4*65 7.80 11.15 > 7 .0 7 7 7
(4 -44) D a tu m - — — 7 7 . 0 7 7  1 . 7 7
Q = 1200 /lo.
( 3 . II ) 2.40 3.33 5“.22 3 .8 2 0 . 9 5
(3.12) 2* 92 4 . U 8 .1 8 5 . 0 0 1 .2 5
(3.13) Exp. 3 . 1 6 5 7 5 8 . 6 7 5 . 3 6 I' 3 4
(4-39) 3 . 5 2 4 ’ 13 6 . 5 5 4 .6 7 1 . / 7
(440) 2*2/ 2 .5 9 4 .1 / 3 . /6 O. 79
( 4 .4 1 )  T h eo r- 2.5£ 5 .1 4 7*75 5.04 1 .2 6
(4.4l) Exp. 2 . 8 3 4 . 4 2 7*00 4 . 8 0 1 2 0
(4.44) D a t u m — — — 4 .6 9 1.17
Q  -IG O o lb .
C 3 .1 1 ) I ' 9 7 2*72 4 . 2 2 3 . / 8 0 . 8 0
(3 ./2 ) 2 . 1 5 3 . 2 2 5 . 9 6 3 . 9 0 0 . 9 8
(3. /3) Exp. 2 .3 4 3 . 5 o 5 . 8 6 4 < 1 6 I ' 0 4
C4-39) 2 . 5 9 3 .2 1 5 . 0 0 3 .7 3 0 . 9 3
(4 -40) /*6> 3 2 .0 2 3 . 1 4 2 . 4 2 0 .6 1
$-.4/) Theor 1 . 9 2 3 . 8 3 5 . 8 6 4 . 0 2 / .  0 0
( 4.1) Exp. 2 . 1 0 3 . 13 5 . 2 5 3 . 7 2 0 . 9 3
( 4 . 4 4 )  D a t u m — — — 3 . 7 4 0 . 9 4
1 2 8
A c o m p a r i s o n  o f  t h e s e  v a l u e s  o f  e f f e c t i v e  a r e a  i s  
s h o w n  i n  F ig .  4 . 1 7 .  T h e y  a r e  g i v e n  i n  t e r m s  o f  t h e  
a x i a l  f o r c e  i n  t h e  e q u i v a l e n t  s t r u t ,  F, w h e r e :
F = J J  Q 
6
f o r  t h e  t e s t  p y r a m i d .
T h e  a g r e e m e n t  b e t w e e n  t h e  e f f e c t i v e  a r e a s  o b t a i n e d  
b y  u s i n g  e x p e r i m e n t a l  a n d  t h e o r e t i c a l  v a l u e s  o f  ° c r  a n d  
O' in  t h e  a u t h o r ' s  p r o p o s e d  Eq. ( 4 . 4 1 )  i s  v e r y  g o o d .  T h e  
c o n s i d e r a t i o n  o f  t h e  g e o m e t r y  o f  t h e  t r a p e z o i d a l  p l a t e  g a v e  
b e t t e r  a g r e e m e n t  b e t w e e n  t h e  t h e o r e t i c a l  r e s u l t s  a n d  t h e  t e s t  
r e s u l t s  t h a n  w a s  o b t a i n e d  w i t h  Eq. ( 3 . 1 3 )  w h i c h  d id  n o t  t a k e  
p l a t e  g e o m e t r y  i n t o  a c c o u n t .
C o m p a r e d  t o  t h e  r e s u l t s  f o u n d  b y  c o n s i d e r i n g  t h e  o v e r a l l  
d e f o r m a t i o n  o f  t h e  p y r a m i d ,  V o n  K e r m a n ' s  f o r m u l a  ( 4 . 3 9 )  
p r e d i c t e d  t h e  a v e r a g e  e f f e c t i v e  w i d t h  in  t h e  p o s t - b u c k l i n g  r a n g e  
a l m o s t  e x a c t l y , a s  d id  t h e  a u t h o r ' s  Eq. ( 4 . 4 1 )  u s i n g  
e x p e r i m e n t a l  v a l u e s  o f  <rc r a n d  o '  . It m u s t  b e  r e m e m b e r e d ,  
h o w e v e r ,  t h a t  t h e  e r r o r s  p o s s i b l e  in  c a l c u l a t i n g  t h e  a r e a s  
u n d e r  t h e  v a r i o u s  g r a p h s  i n  t h e  g r a p h i c a l  i n t e g r a t i o n  p r o c e s s e s  
m a k e  s u c h  a g r e e m e n t  o n e  o f  g o o d  f o r t u n e  r a t h e r  t h a n  g o o d  
d e s i g n .  E q u a t i o n  ( 4 . 4 1 ) , u s i n g  t h e o r e t i c a l  v a l u e s  o f  <%r a n d  <r, 
a n d  Eq. ( 3 . 1 2 )  g a v e  a l m o s t  i d e n t i c a l  e f f e c t i v e  a r e a s  w h i c h  w e r e
«■St
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s l i g h t l y  l a r g e r  t h a n  t h o s e  o b t a i n e d  b y  o v e r a l l  d e f o r m a t i o n  
c o n s i d e r a t i o n s .  W i n t e r ' s  e q u a t i o n ,  ( 3 . 1 1 ) ,  a n d  S e c h i e r ' s  
e q u a t i o n ,  ( 4 . 4 0 ) ,  w e r e  b o t h  c o n s e r v a t i v e  t h r o u g h o u t  t h e  
. l o a d i n g  r a n g e .  H o w e v e r ,  w h i l e  e q u a t i o n  ( 3 . 1 1 )  d r e w  c l o s e r  t o  
t h e  e x p e r i m e n t a l  r e s u l t s  f o r  t h e  f i x e d  b a s e  p y r a m i d ,  e q u a t i o n  
( 4 . 4 0 )  a p p r o a c h e d  t h e  r e s u l t s  o b t a i n e d  f r o m  t h e  e x p e r i m e n t a l  
d e f o r m a t i o n s  o f  t h e  p y r a m i d  w i t h  c o r n e r  s u p p o r t s .  T h e  r e s u l t s  
o f  t h e  t e s t s  o n  t h e  p y r a m i d  w i t h  c o r n e r  s u p p o r t s  a r e  g i v e n  i n  
t h e  f o l l o w i n g  s e c t i o n .
4 . 1 0  R e s u l t s  o f  t e s t s  o n  p y r a m i d  w i t h  c o r n e r  s u p p o r t s
T h e  d i a g r a m s  o f  t h e  a x i a l  s t r e s s  d i s t r i b u t i o n  f o r  t h e  p y r a m i d  
w i t h  c o r n e r  s u p p o r t s  a r e  g i v e n  i n  Fig .  4 . 1 8 .  T h e  g r a p h s  o f  OV 
a n d  0 ^  v e r s u s  Q a r e  g i v e n  i n  F i g s .  4 . 1 9  a n d  4 .  2 0 .  T h e  
v e r t i c a l  s t r e s s  d i s t r i b u t i o n  n e a r  t h e  a p e x  w a s  v e r y  s i m i l a r  i n  
m a g n i t u d e  a n d  f o r m  a s  f o r  t h e  c a s e  o f  c o n t i n u o u s  s u p p o r t s .
A t  s e c t i o n  2, g a u g e - l o c a t i o n  3,  t h e  v e r t i c a l  s t r e s s  i n c r e a s e d  
l i n e a r l y  u p  t o  a l o a d  o f  Q = 6 0 0  lb. a n d  t h e n  d e c r e a s e d  
s t e a d i l y  t o  Q = 1 2 0 0  lb. A n  i n c r e a s e  w a s  a g a i n  n o t e d  a t  
Q = 1 6 0 0  1b. T h e  v e r t i c a l  s t r e s s  o n  t h e  c e n t r e l i n e  o f  S e c t i o n  3 
w a s  c o m p r e s s i v e  u p  t o  Q = 6 0 0  lb.  b u t  b e y o n d  t h i s  lo a d  it 
r e v e r s e d  s i g n  a n d  r e m a i n e d  t e n s i l e  t o  Q = 1 6 0 0  lb.
T h i s  b e h a v i o u r  a l o n g  t h e  c e n t r e l i n e  r e s u l t e d  i n  h i g h e r  s t r e s s e s  
a t  t h e  j u n c t i o n  t h a n  w e r e  r e c o r d e d  f o r  t h e  c o n t i n u o u s  
f i x e d  s u p p o r t s .  T h e  s t r e s s e s  a l o n g  t h e


1 3 3
F i g .  4  2 0  V a r i a t i o n  i n ^  v e r s u s  a p e x  l o a d  f o r  p e r s p e x  p y r a m i d ? !  
w i t h  c o r n e r  s u p p o r t s .
1 3 4
j u n c t i o n  w e r e  m o r e  u n i f o r m  t h a n  t h o s e  r e c o r d e d  f o r  t h e  
c o n t i n u o u s  s u p p o r t  c a s e  b e c a u s e  t h e  e f f e c t i v e  p o r t i o n  o f  
t h e  w a l l  d id  n o t  s p r e a d  b e y o n d  t h e  c o r n e r  s u p p o r t  p l a t e  
at  t h e  b a s e .
T h e  O y  s t r e s s e s  a l o n g  S e c t i o n  4 , w e r e  m u c h  m o r e  
c o n s i s t e n t  b e c a u s e  t h e r e  w e r e  n o  l o c a l  d i s t u r b a n c e s  a l o n g  
t h e  f r e e  e d g e .
T h e  h o r i z o n t a l  s t r e s s e s  crH w e r e  c o m p r e s s i v e  
t h r o u g h o u t  t h e  l o a d  r a n g e  n e a r  t h e  c e n t r o i d  o f  t h e  p l a t e .
T h i s  i n d i c a t e d  a n  a r c h i n g  a c t i o n  in  t h e  r e g i o n .  T h e  t e n s i l e  
s t r e s s e s  a t  t h e  f r e e  e d g e  w e r e  c a u s e d  b y  i n i t i a l  s l i p  i n  t h e  
s u p p o r t s .  N e a r  t h e  c e n t r e  o f  t h e  f r e e  e d g e  t h e s e  d id  n o t  
i n c r e a s e  a p p r e c i a b l y  a f t e r  t h e  l o a d  Q = 4 0 0  lb,  i n d i c a t i n g  
t h a t  t h e  c l a m p i n g  s c r e w s  a t  t h e c o r n e r s  b e g a n  t o  a c t  in  
b e a r i n g  w i t h  t h e  e d g e  f l a n g e  a t  t h a t  lo a d .  A  f a u l t y  d i a g o n a l  
g a u g e  c a u s e d  n o n s e n s i c a l  p r i n c i p a l  s t r a i n  v a l u e s  a t  l o c a t i o n  11 ,  
a n d  t h e s e  w e r e  d r o p p e d .
T h e  l o a d - d e f l e c t i o n  g r a p h  o f  F ig .  4 . 1 5  s h o w e d  a  
l i n e a r  b e h a v i o u r  u p  t o  Q = 6 0 0  1b, a n d  a s e c o n d ,  a l m o s t  
l i n e a r  p o r t i o n  w i t h  a n  i n c r e a s e d  s l o p e  u p  t o  Q = 1 6 0 0  lb.
W h e n  t h e  a r e a s  u n d e r  t h e  s t r e s s  c u r v e s  a t  t h e  t h r e e  s e c t i o n s  
1, 2  a n d  3  w e r e  c a l c u l a t e d  a s  d e s c r i b e d  p r e v i o u s l y ,  t h e  
r e s u l t s  w e r e  a s  g i v e n  i n  T a b l e  4 . 9  .
TABLE 4 . 9
1 3 5
Q  (lb.) 4  o o 8  G o 1 2 . 0 0 1 0 , 0 0
a/ 3 Ob.) 1 3 3 Z G 7 4 o o 5 -3 3
Section Fi Ok) Fi/(Q/3) Fi (lb.) pyy<sy3) Fi (lb) r / ( ° m F i ( l  b.)
1 l o i 0 . 8 1 2 3 2 . 0 . 8 7 3 6 Z M l 4 3 5 O. 93
2 9 4 6 .7 / 1 9 6 0*73 3 5 o 0 . 8 6 4i,Z 0 . 8 1
3 9 S 0 . 7 / 2 3 / O, 87 3 7 3 0 . 9  3 4 b o 0 . 9 2 .
T h e  i n c r e a s e  i n  t h e  a c c u r a c y  w i t h  w h i c h  t h e
a r e a s  u n d e r  t h e  s t r e s s  d i s t r i b u t i o n  g r a p h s  f o r  t h e  c o r n e r  
s u p p o r t  c a s e  w e r e  c a l c u l a t e d  s u g g e s t e d  t h a t  t h e  v a r i a t i o n  
i n  t h e  r e s u l t s  f r o m  t h e  e x p e c t e d  v a l u e s  f o r  b o t h  s u p p o r t  
c a s e s  w a s  d u e  t o  t h e  i n e x a c t  r e p r e s e n t a t i o n  o f  t h e  
d i s t r i b u t i o n  r a t h e r  t h a n  e c c e n t r i c i t y  o f  l o a d i n g .
T h e  p r i n c i p a l  s t r e s s  d i r e c t i o n s ,  s h o w n  i n  F ig .  4 . 1 0 ,  
r e v e a l e d  m u c h  t h e  s a m e  r e s u l t s  a s  t h e  c o n t i n u o u s  s u p p o r t  
c a s e .  T h e r e  w a s  v e r y  l i t t l e  v a r i a t i o n  i n  t h e  v a l u e s  o f  d p-  
a l o n g  t h e  j u n c t i o n  a n d  a l o n g  t h e  c e n t r e l i n e  o f  t h e  p l a t e .
T h e  b e n d i n g  m o m e n t  d i a g r a m s  o f  F ig .  4 . 2 1  s h o w e d  
a g a i n  t h a t  t h e  m a x i m u m  v a l u e s  o c c u r r e d  i n  t h e  r e g i o n  o f  
t h e  a p e x .  T h e  m o m e n t s  in  t h e  l o w e r  h a l f  o f  t h e  p l a t e  w e r e  
r e d u c e d  b y  t h e  t e n s i o n  d e v e l o p e d .  T h e  s m a l l  h M z o n t a i  
m o m e n t s  a l o n g  S e c t i o n  4  s h o w e d  t h a t  t h e  f r e e  e d g e  r e m a i n e d  
s t r a i g h t ,  b u t  t h e  t o r s i o n a l  s t i f f n e s s  o f  t h e  f l a n g e  c a u s e d
n  * y  y  ■ y  m  m m  .
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T h e  c r i t i c a l  b u c k l i n g  s t r e s s  a t  S e c t i o n s  1, 2  a n d
3  w e r e  d e t e r m i n e d  f r o m  t h e  v e r t i c a l  s t r e s s  c u r v e s  o f
F ig .  4 . 1 9 .  T h e  c r i t i c a l  b u c k l i n g  s t r e s s e s  a t  g a u g e
2
l o c a t i o n s  1 a n d  3  w e r e  4 0 0  a n d  1 0 0  lb .  I  i n .  r e s p e c t i v e l y .  
H o w e v e r ,  t h e r e  w a s  n o  d i s t i n c t  b u c k l i n g  s t r e s s  o b t a i n e d  at  
S e c t i o n  3 ,  l o c a t i o n  6 .
T h e  v a l u e  o f  o ; r  a t  S e c t i o n  1 w a s  s i m i l a r  t o  t h a t  
f o r  t h e  c o n t i n u o u s  s u p p o r t  c a s e ,  u n d e r l i n i n g  t h e  l a c k  
o f  i n f l u e n c e  t h a t  t h e  s u p p o r t s  h a v e  o n  t h e  a p e x  r e g i o n  o f  
t h e  p l a t e s .  T h e  a p p a r e n t  c r i t i c a l  s t r e s s  a t  S e c t i o n & i Z  w a s  
c o n s i d e r a b l y  l o w e r  t h a n  in  t h e  p r e v i o u s  l o a d i n g  c a s e .
T h e  b u c k l i n g  l o a d  f o r  t h e  c o r n e r  s u p p o r t  c a s e ,  t a k e n  
f r o m  t h e  l o a d - d e f l e c t i o n  g r a p h  o f  F ig .  4 . 1 5 ,  w a s  b e t w e e n  
Q = 6 0 0  lb a n d  Q = 6 4 0  lb .  H o w e v e r ,  a c o n s i d e r a t i o n  o f  
t h e  o v e r a l l  d e f o r m a t i o n  p r o p e r t i e s  o f  t h e  p y r a m i d  s h o w e d  
t h a t  t h e  w h o l e  o f  t h e  p l a t e s  w e r e  n o t  c o n t r i b u t i n g  t o  t h e  
c a r r y i n g  o f  t h e  c o m p r e s s i v e  l o a d  e v e n  a t  t h e  a p e x  lo a d  
Q = 4 0 0  lb .  T h i s  w a s  e x p e c t e d  b e c a u s e  t h e  l o w e r  e d g e  o f  
t h e  p l a t e s  w e r e  u n s u p p o r t e d  b e t w e e n  t h e  c o r n e r s .  A n o t h e r  
f a c t  w h i c h  c o n t r i b u t e d  t o  t h i s  b e h a v i o u r  w a s  t h e  i n i t i a l  s l i p  
in  t h e  s u p p o r t s  w h i c h  c a u s e d  t h e  t e n s i o n  t o  d e v e l o p  a t  t h e  
f r e e  e d g e .  B e c a u s e  o f  t h e  d i f f i c u l t y  in  e s t a b l i s h i n g  t h e  t r u e  
c r i t i c a l  b u c k l i n g  c o n d i t i o n s  it  w a s  d e c i d e d  t o  a p p l y  o n l y
1 3 8
E q s .  ( 3 . 1 1 ) ,  ( 4 . 3 9 )  a n d  ( 4 . 4 0 )  t o  t h e  t e s t  r e s u l t s ,  s i n c e
&
t h e s e  r e q u i r e d  o n l y  t h e  e d g e  s t r e s s e s ,  o ;  . T h e  
d a t a  r e q u i r e d  f o r  t h e s e  c a l c u l a t i o n s  i s  g i v e n  in  T a b le  4 . 1 0 .
TABLE 4 . 1 0
S  a c t i o n h
A E x p e r i m e n t a l  CJe a  < 5 4  ( lfr>./m>?*J
(in.) (in) Q  a  t e a  lb, ( p a  8 o o  l b . <5? a  12 O O  I k Q  a  \ 6 0 0 i b .
I 6 . 8 0 0 . 8 5 9 5 Z 3 Z 4 9 8 1 0 1 8
2 1 3 . 7 0 1.71 6 9 z s o 5 9 S 9 6 8
3 2 0 . 6 0 2 . 5 $ I 5 S 3 3 2 5 3 7 8 2  3
T h e  c a l c u l a t i o n  o f  t h e  e f f e c t i v e  w i d t h s  f o r  t h e  p y r a m i d  
w i t h  c o r n e r  s u p p o r t s  i s  g i v e n  i n  T a b le  4 . 1 1 .
TABLE 4 . 1 1
1 3 9
0  =  4 o o  l b  «
I ( i n s . ) A v e r a g e
O J a  
C i n *)
A  &
O n ? )
S e c h 'o n  1 S e c f t o n  2 S e c t i o n  3
(3 . 1/ ) 2 . Z 5 5 7  5 7 5 * 5 . 2 0 4 - 2 5 \ * O G
( 4 3 4 ) 8 - 3 3 8 •  9 9 6 . 5 1 > 1 * 0 1 >  1 . 1 7
( 4 . 4 0 ) 5 .  2 3 5 .(e>4 4 . 0 9 4 . 1 5 L O G
( 4 4 4 )  & a t u m — — ---- 3 . 5*6 0 * 9 9
<3 s t  B o o  lb*
( 3 . 11) 2 . 8 ! 3 . 9 2 . 3 . 8 2 3 . 4 5 0 . 8 G
(4 -3 9 ) 5 . 3 4 5 * 1 3 4 * 6> o 4  A o h l o
( 4 -4 o ) 3 . 3 S 3 .2 . 7. 2 . 8 9 2 . S  9 o .  i s
C4 -4 4 ) — - — Z . 8 8 O . ' 7 2 .
<3 =  i i o o  l b .
( 3 . 1 1 ) 2  . 4 4 2 . 8 0 3 . i o 2 .  8 4 O *  7 /
(4 - 3 9 ) 3 . G 4 3 . 3  3 3 . S o 3 . 3  4 0 . 8 3
(4 . 4 o ) 2 . 7 8 2 . 0 8 2 . 2 0 2 . 2 4 0 * 5 6
(4 -4 4 )  D a t u m — — 2 . 2 8 O . S 7
6?  st 16)00  l b .
( 3 . 1 1 ) 1 . 9 4 2 . 2 8 Z .  S 6 2 . 3 4 O . B 8
(4 - 3 9 ) 2 . 5 S Z . 6 1 2 . 8 4 2 . 7 0 0 . 6 7
(4 - 4 A / •  t* 0 1 * 6 4 A  7 8 A  7 3 0 . 4 3
(4 -4 4 )  D a t u m — — — 2 . 2 0 o , s s
A  c o m p a r i s o n  o f  t h e  e f f e c t i v e  s t r u t  a r e a  v e r s u s  t h e  
s t r u t  l o a d  i s  g i v e n  i n  F ig .  4 . 2 2 .  A l l  t h r e e  f o r m u l a s  g a v e  
e x a g g e r a t e d  v a l u e s  o f  e f f e c t i v e  a r e a  a t  l o w  l o a d s ,  b u t
r a p i d l y  a p p r o a c h e d  t h e  e x p e r i m e n t a l  v a l u e s  a s  t h e  lo a d
i n c r e a s e d .  A t  Q = 1 6 0 0  1b, t h e  e x p e r i m e n t a l  r e s u l t s  
w e r e  a p p r o x i m a t e l y  h a l f  w a y  b e t w e e n  t h o s e  g i v e n  b y  E q s .

1 4 1
( 4 . 3 9 )  a n d  ( 4 . 4 0 ) ,  a n d  in  g o o d  a g r e e m e n t  w i t h  t h e  r e s u l t  
f r o m  Eq. ( 3 . 1 1 ) .
W h e n  t h e  e x p e r i m e n t a l  r e s u l t s  f o r  t h e  c o r n e r  s u p p o r t  
c a s e  w e r e  p l o t t e d  i n  F ig .  4 . 1 7 ,  t h e y  w e r e  in  c l o s e  a g r e e m e n t  
w i t h  t h e  g r a p h  o b t a i n e d  f r o m  Eq. ( 4 . 4 0 ) ,  u s i n g  t h e  d a t a  
f r o m  t h e  c o n t i n u o u s l y  s u p p o r t e d  f i x e d - b a s e  p y r a m i d  i n  t h e  
p o s t - b u c k l i n g  r a n g e .  T h e r e f o r e ,  t o  a p p l y  t h e  r e s u l t s  o f  
t e s t s  o n  p y r a m i d s  w i t h  c o n t i n u o u s l y  s u p p o r t e d  b a s e s  to  
t h o s e  w i t h  c o r n e r  s u p p o r t s ,  t h e  f o l l o w i n g  p r o c e d u r e  w a s  
u s e d .  K n o w i n g  t h e  v a l u e s  f o r  & c r  a n d  cr  a t  a n y  n u m b e r  
o f  s e c t i o n s  o f  t h e  c o n t i n u o u s l y  s u p p o r t e d  p y r a m i d ,  t h e  
e f f e c t i v e  w i d t h  o f  s t r u t  w a s  c a l c u l a t e d  f r o m  t h e  a u t h o r ' s  
p r o p o s e d  Eq. ( 4 . 4 1 ) .  T h e  e d g e  s t r e s s  ( < % > )  w a s  e q u a l
t o  t h e  s t r u t  l o a d  (F) d i v i d e d  by  t h e  e f f e c t i v e  a r e a  (A ).
6
T h i s  v a l u e ,  s u b s t i t u t e d  i n t o  Eq. ( 4 . 4 0 )  y i e l d e d  t h e  e f f e c t i v e  
w i d t h  o f  t h e  p y r a m i d  w i t h  c o r n e r  s u p p o r t s ,  w i t h  i t s  
s u b s e q u e n t l y  h i g h e r  e d g e  s t r e s s e s  i n  t h e  l o w e r  r e g i o n s  o f  
t h e  p l a t e .
4 . 1 1  C o n c l u s i o n s
T h e  r e s u l t s  o f  t h e  t e s t s  o n  t h e  p e r s p e x  p y r a m i d  
s h o w e d  t h a t  t h e  a s s u m p t i o n  o f  s i m p l e  s u p p o r t s  a t  a l l  f o u r  
e d g e s  o f  t h e  t h i n  t r a p e z o i d a l  w a l l s  o f  t h e  p y r a m i d  w a s  
j u s t i f i e d .
T h e  v e r t i c a l  s t r e s s  d i s t r i b u t i o n  in  a l l  p o r t i o n s  
o f  t h e  w a l l  e x c e p t  n e a r  t h e  b a s e  w a s  a d e q u a t e l y  p r e d i c t e d  
in  t h e  p r e - b u c k l i n g  r a n g e  b y  a s s u m i n g  t h a t  t h e  t r a p e z o i d a l  
p l a t e  w a s  t h e  a p e x  p o r t i o n  o f  a n  i n f i n i t e  w e d g e .  T h e  s t r e s s  
n e a r  t h e  s u p p o r t s  w o u l d  n o r m a l l y  b e  a p p r o x i m a t e l y  u n i f o r m  
in  t h i s  l o a d  r a n g e .
T h e  c r i t i c a l  b u c k l i n g  lo a d  w a s  a c c u r a t e l y  p r e d i c t e d  
by  t h e  m e t h o d  o f  c o l l o c a t i o n  o n  t h e  a s s u m p t i o n  t h a t  t h e  
e d g e s  o f  t h e  p l a t e s  w e r e  s i m p l y  s u p p o r t e d .
A f t e r  b u c k l i n g  o c c u r r e d ,  t h e  s t r e s s e s  w e r e  r e ­
d i s t r i b u t e d  i n  t h e  p l a t e  a n d  t h e  m a x i m u m  v a l u e s  o c c u r r e d  
n e a r  t h e  i n c l i n e d  j u n c t i o n s ,  w i t h  t h e  s t r e s s  a l o n g  t h e  
c e n t r e l i n e  r e m a i n i n g  n e a r  t h e  c r i t i c a l  l o a d  v a l u e .
F u r t h e r  l o a d i n g  in  t h e  p o s t - b u c k l i n g  r e g i o n  r e s u l t e d  in  t h e  
s t r e s s  a l o n g  t h e  p l a t e  c e n t r e l i n e  r e m a i n i n g  c o n s t a n t ,  w h i l e  
t h e  s t r e s s  a l o n g  t h e  j u n c t i o n s  i n c r e a s e d  r a p i d l y .
T h e  e f f e c t i v e  w i d t h  f o r m u l a  p r o p o s e d  b y  t h e  a u t h o r  w a s  
i n  v e r y  g o o d  a g r e e m e n t  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s .  T h e  
e f f e c t i v e  w i d t i i f o r m u l a s  d e v e l o p e d  f o r  r e c t a n g u l a r  p l a t e s  in  
t h e  p o s t - b u c k i i n g  r a n g e  w e r e  a l s o  a p p l i c a b l e  t o  t h e  
t r a p e z o i d a l  p l a t e s  o f  t h e  p y r a m i d s  w i t h  v a r y i n g  d e g r e e s  o f  
a c c u r a c y .  T h e  g e n e r a l l y  g o o d  a g r e e m e n t  o f  a i l  t h e  
e f f e c t i v e  w i d t h  f o r m u l a s  w i t h  t h e  t e s t  r e s u l t s  o n  t h e  p e r s p e x  
p y r a m i d  u n d e r l i n e d  t h e  f a c t  t h a t  t h e  f o r m u l a s  a r e  i n d e p e n d e n t
o f  t h e  p l a t e  m a t e r i a l ,  a n d  c a n  b e  u s e d  f o r  l o a d  r a n g e s  b e l o w  
u l t i m a t e  l o a d .
T h i s  s t u d y  h a s  a d d e d  t h e  f a c t  t h a t ,  p r o v i d e d  t h e  
v a r i a t i o n  in  e f f e c t i v e  w i d t h  a l o n g  t h e  j u n c t i o n  o f  t h e  
t r a p e z o i d a l  p l a t e  i s  a c c o u n t e d  f o r ,  t h e  a v e r a g e  e f f e c t i v e  
s t r u t  a r e a s  d e t e r m i n e d  b y  e f f e c t i v e  w i d t h  f o r m u l a s  d e v e l o p e d  
f o r  r e c t a n g u l a r  p l a t e s  a r e  i n  g o o d  a g r e e m e n t  w i t h  t h e  
a v e r a g e  r e s u l t s  d e t e r m i n e d  f r o m  o v e r a l l  d e f l e c t i o n  
c o n s i d e r a t i o n s .  T h e  b e s t  a g r e e m e n t  i s  o b t a i n e d  b y  t h e  
u s e  o f  t h e  a u t h o r ' s  f o r m u l a  w h i c h  t a k e s  i n t o  a c c o u n t  t h e  
g e o m e t r y  o f  t h e  t r a p e z o i d a l  p l a t e ,  a n d  b y  V o n  K a r m a n ' s  
f o r m u l a  w h i c h  w a s  d e v e l o p e d  f o r  r e c t a n g u l a r  p l a t e s .
C H A P T E R  5
T h e  A n a l y s i s  o f  S t r e s s e d - s k i n  P y r a m i d a l  R o o f  S y s t e m s
I n t r o d u c t i o n
T h e  m o s t  o b v i o u s  m e t h o d  o f  a n a l y s i s  t o  a p p l y  t o  
s t r u c t u r e s  l i k e  t h e  r o o f  s y s t e m s  d e s c r i b e d  i n  t h i s  s t u d y  
i s  o n e  i n  w h i c h  t h e  d i s c r e t e  a n d  f o l d e d  p l a t e  e l e m e n t s  a r e  
a s s u m e d  t o  b e  a  c o n t i n u o u s  e l a s t i c a l l y  e q u i v a l e n t  s u r f a c e .  
S u c h  a m e t h o d  w a s  u s e d  b y  t h e  a u t h o r  in  t h e  e a r l y  s t a g e s
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o f  t h e  i n v e s t i g a t i o n  a n d  i s  r e p o r t e d  i n  a  r e c e n t  p u b l i c a t i o n .
It  w a s  d e c i d e d  t h a t  a m u c h  m o r e  e x t e n s i v e  s t u d y  w a s  n e e d e d  
to  d e t e r m i n e  t h e  p r o p e r  c h o i c e  o f  t h e  e l a s t i c  p r o p e r t i e s  f o r  
t h e  e q u i v a l e n t  s e c t i o n .  T h i s ;  w a s  c o n s i d e r e d  b e y o n d  t h e  
s c o p e  o f  t h e  p r e s e n t  i n v e s t i g a t i o n .
It w a s  s h o w n  i n  C h a p t e r  4  t h a t  t h e  t h i n  w a l l s  o f  t h e  
s t r e s s e d - s k i n  p y r a m i d s  b u c k l e d  a t  v e r y  lo w  l o a d s ,  w i t h  t h e  
r e s u l t  t h a t  l o a d  w a s  c a r r i e d  by  a  n a r r o w  s t r i p  o f  p l a t e  
a d j a c e n t  t o  t h e  j u n c t i o n s .  T h i s  a l l o w e d  t h e  c o n s i d e r a t i o n  
o f  t h e  p y r a m i d  a s  a n  e q u i v a l e n t  g r o u p  o f  s k e l e t o n  m e m b e r s ,  
t h e  e f f e c t i v e  a r e a s  o f  w h i c h  w e r e  d e t e r m i n e d  b y  t h e  m e t h o d s  
d e s c r i b e d  p r e v i o u s l y .  S t r u c t u r e s  m a d e  f r o m  g r o u p s  o f  
t h e s e  u n i t s  w e r e  t h e n  a n a l y s e d  b y  t h e  m e t h o d s  d e v e l o p e d  
f o r  p i n - c o n n e c t e d  s k e l e t o n  s p a c e  f r a m e s .
T h r e e  f u n d a m e n t a l  r e l a t i o n s h i p s  a r e  a v a i l a b l e  f o r  t h e
s o l u t i o n  o f  s u c h  s t r u c t u r e s .
(1)  T h e  s t r e s s - s t r a i n  r e l a t i o n s h i p :  t h e  l o a d s  a c t i n g
a t  t h e  e n d s  o f  m e m b e r s  a n d  t h e  m e m b e r - e n d  
d i s p l a c e m e n t s  m u s t  s a t i s f y  t h e  s t r e s s - s t r a i n  
r e l a t i o n s h i p  o f  t h e  m e m b e r  m a t e r i a l .
(2) T h e  c o m p a t i b i l i t y  r e l a t i o n s h i p :  t h e  m e m b e r - e n d
d i s p l a c e m e n t s  m u s t  b e  c o m p a t i b l e  w i t h  t h e  j o i n t  
d i s p l a c e m e n t s .
(3) T h e  e q u i l i b r i u m  r e l a t i o n s h i p :  t h e  m e m b e r  l o a d s
a n d  t h e  e x t e r n a l  l o a d s  a t  a n y  j o i n t  m u s t  b e  in  
e q u i l i b r i u m .
If a  s t r u c t u r e  i s  s t a t i c a l l y  d e t e r m i n a t e ,  t h e  t h i r d  
r e l a t i o n s h i p  i s  s u f f i c i e n t s f o r  t h e  c o m p l e t e  a n a l y s i s .
H o w e v e r ,  if  t h e  s t r u c t u r e  i s  s t a t i c a l l y  i n d e t e r m i n a t e  
( r e d u n d a n t ) ,  r e l a t i o n s h i p s  (1) a n d  (2) m u s t  b e  u s e d  a l s o .
If  r e l a t i o n s h i p  (2) i s  u s e d  b e f o r e  (3),  t h e  p r o c e s s  i s  k n o w n  a s  
t h e  e q u i l i b r i u m  o r  s t i f f n e s s  m e t h o d .  If  r e l a t i o n s h i p  (3) i s  
u s e d  p r i o r  t o  (2 ) ,  t h e  p r o c e s s  i s  k n o w n  a s  t h e  c o m p a t i b i l i t y  
o r  f l e x i b i l i t y  m e t h o d .
B e c a u s e  t h e  t w o  m e t h o d s  w e r e  u s e d  o n l y  a s  " t o o l s "  
t o  a n a l y s e  t h e  r o o f  s y s t e m s  t e s t e d ,  t h e y  a r e  n o t  d e s c r i b e d  
h e r e .  A t h o r o u g h  d e s c r i p t i o n  o f  t h e m  i s  g i v e n  in  
R e f e r e n c e  3 3 .
T h e  f l e x i b i l i t y  m e t h o d  w a s  u s e d  f o r  t h e  a n a l y s i s  o f  t h e
s t r e s s e d - s k i n  s p a c e  g r i d  a n d  t h e  s t i f f n e s s  m e t h o d  w a s  u s e d  
t o  a n a l y s e  t h e  s t r e s s e d - s k i n  b a r r e l  v a u l t .  T h e  f o r m e r  m e t h o d
r e q u i r e d  a  k n o w l e d g e  o f  t h e  r e d u n d a n e y  a n d  s t a b i I i t y  
c h a r a c t e r i s t i c s  o f  t h e  e q u i v a l e n t  s t r u t  s t r u c t u r e s .  
R e d u n d a n c y  a n d  s t a b i l i t y  c o n s i d e r a t i o n s  in  p y r a m i d a l  
r o o f  s y s t e m s
A m i n i m u m  o f  s i x  i n d e p e n d e n t  r e a c t i o n  c o m p o n e n t s  : 
i s  r e q u i r e d  t o  m a i n t a i n  t h e  e q u i l i b r i u m  o f  a  b o d y  i n  s p a c e  
u n d e r  t h e  a c t i o n  o f  a  g e n e r a l i z e d  s y s t e m  o f  l o a d s .
T h i s  is  a  n e c e s s a r y  t h o u g h  n o t  a  s u f f i c i e n t  c o n d i t i o n  
f o r  e q u i l i b r i u m .  T h e  r e a c t i o n  c o m p o n e n t s  m u s t  b e  p l a c e d  
s o  t h a t  t h e i r  l i n e s ,  o f  a c t i o n  a r e  n o t  c o n c u r r e n t  o r  a r e  n o t  
a l l  p a r a l l e l .  T h e y  m u s t  r e s i s t  t r a n s l a t i o n  a n d  r o t a t i o n  
a b o u t  e a c h  o f  t h e  t h r e e  c o o r d i n a t e  a x e s .
F o r  a n y  g e n e r a l  p i n - c o n n e c t e d  s p a c e  f r a m e  t h e  
d e g r e e  o f  r e d u n d a n c y  o f  i n s t a b i l i t y  is  e x p r e s s e d  b y  t h e  
e q u a t i o n
n  = b -  3 j  +  a  (5 .
w h e r e
n  = t h e  d e g r e e  o f  r e d u  n d a  h e y  o r  i n s t a b i  I ity,
b = t h e  n u m b e r  o f  m e m b e r s ,
j = t h e  n u m b e r  o f  j o i n t s ,
a  = t h e  n u m b e r  o f  s u p p o r t  r e a c t i o n s .
If n  >  0 ,  t h e  s t r u c t u r e  i s  r e d u n d a n t ,
n  = 0 ,  t h e  s t r u c t u r e  i s  d e t e r m i n a t e .
n  <  0 ,  t h e  s t r u c t u r e  i s  u n s t a b l e .
T h e  a p p l i c a t i o n  o f  Eq. ( 5 . 1 )  t o  s i m p l e  s k e l e t o n  p y r a m i d s  
o f  t h e  t h r e e  b a s e  f o r m s  g a v e  t h e  f o l l o w i n g  r e s u l t s  f o r  a  = 6 .
B a s e  s h a p e h j a r\ Remarks
t r i a n g u l a r 6 4 6 0 s t a b l e
s q u a r e 8 5 6 -  / un stab le .
h e x a gor>a I 1 2 7 (o - 3 u n s t a b l e .
T h e  t r i a n g u l a r - b a s e  p y r a m i d  w a s  a s t a b l e  s t r u c t u r e  w h i l e  
t h e  s q u a r e  a n d  h e x a g o n a l - b a s e  p y r a m i d s  h a d  o n e  a n d  t h r e e  
d e g r e e s  o f  i n s t a b i l i t y ,  r e s p e c t i v e l y .  T h e s e  i n s t a b i l i t i e s  
c o u l d  b e  o v e r c o m e  e i t h e r  b y  t h e  a d d i t i o n  o f  s t a b i l i z i n g  m e m b e r s  
o r  by  t h e  a d d i t i o n  o f  e x t r a  s u p p o r t  r e a c t i o n s .  S t a b l e  f o r m s  o f  
t h e  t h r e e  p y r a m i d s  a r e  s h o w n  in  F ig .  5 . 1 .
T h e  g r o u p i n g  t o g e t h e r  o f  m a n y  t r i a n g u l a r - b a s e  p y r a m i d s  
t o  f o r m  a  r o o f  s y s t e m  r e s u l t e d  in  a  h i g h l y  r e d u n d a n t  
s t r u c t u r e .  A  t y p i c a l  e x a m p l e  i s  s h o w n  in  F ig .  5 . 2 ,  w h e r e  a 
s t r u c t i i r e ^  m a d e  f r o m  3 6  p y r a m i d s  c o n t a i n e d  3 0  r e d u n d a n t  
m e m b e r s .  T h e  l o c a t i o n  o f  t h e  r e d u n d a n t  m e m b e r s  w a s  n o t  
u n i q u e  a n d  m a n y  a r r a n g e m e n t s  w e r e  p o s s i b l e .
T h e  m e t h o d  u s e d  i n  c h o o s i n g  t h e  l o c a t i o n s  o f  t h e  
r e d u n d a n t  m e m b e r s  w a s  t o  b e g i n  w i t h  a  s t a b l e  t e t r a h e d r o n  
( s h o w n  s h a d e d )  n e a r  t h e  c e n t r e  o f  t h e  s t r u c t u r e  a n d  a d d  j o i n t s
Fig, 5 .1
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s u p p o r t e d  o n  t h r e e  m e m b e r s  n o t  a l l  l y i n g  i n  
t h e  s a m e  p l a n e ,  u n t i l  t h e  s t r u c t u r e ? W a s  c o m p l e t e .
W h e n e v e r  a  m e m b e r  w a s  f o u n d  t o  l i e  b e t w e e n  t w o  j o i n t s  
a l r e a d y  e s t a b l i s h e d ,  t h a t  m e m b e r  w a s  r e d u n d t a t  T h e  
i n i t i a l  s t a b l e  t e t r a h e d r o n  w a s  s t a b l e  in  s p a c e  s u p p o r t e d  by  
t h e  s i x  n e c e s s a r y  a n d  s u f f i c i e n t  c o m p o n e n t s  o f  r e a c t i o n .  
T h e r e f o r e ,  t h e  c o m p l e t e d  s t r u c t u r e  w a s  a l s o  s t a b l e  u n d e r  
t h e  s a m e  s u p p o r t  s y s t e m .
T h e  s a m e  p r o c e d u r e  w a s  a p p l i e d  t o  t h e  r o o f  s y s t e m  
m a d e  f r o m  s q u a r e  b a s e  p y r a m i d s ,  s h o w n  i n  F ig .  5 . 3  . In  
t h i s  c a s e ,  o n c e  a b a s i c  s t a b l e  t e t r a h e d r o n  ( A B C D )  w a s  c h o s e n  
w i t h  s i x  n e c e s s a r y  a n d  s u f f i c i e n t  s u p p o r t  r e a c t i o n s ,  it w a s  
i m p o s s i b l e  t o  a d d  a n o t h e r  j o i n t  b y  t h e  a d d i t i o n  o f  t h r e e  
m e m b e r s  n o t  a l l  l y i n g  i n  o n e  p l a n e .  T h e  t e t r a h e d r o n  c h o s e n  
w a s  t h e  o n e  s h o w n  s h a d e d  in  F ig .  5 . 3 ,  b u t  t h e  s i t u a t i o n  w a s  
t h e  s a m e  r e g a r d l e s s  o f  t h e  c h o i c e .  To c o n t i n u e  w i t h  t h e  
b u i l d - u p  o f  t h e  s t r u c t u r e  it  w a s  n e c e s s a r y  t o  i n t r o d u c e  a  
s t a b i l i z i n g  m e m b e r  CI< w h i c h  t h e n  a l l o w e d  t h e  e s t a b l i s h m e n t  
o f  p o i n t  K i n  s p a c e .  O n c e  t h i s  w a s  d o n e ,  t h e  r e m a i n d e r  o f  
t h e  s t r u c t u r e  w a s  f o r m e d  w i t h o u t  t h e  a d d i t i o n  o f  m o r e  
s t a b i l i z i n g  m e m b e r s .  W h e n  e q u a t i o n  ( 5 . 1 )  w a s  a p p l i e d  
t o  t h e  s t r u c t u r e ,  t h e  r e s u l t  p r e d i c t e d  a  s t r u c t u r e  w i t h  
t w e l v e  r e d u n d a n t  m e m b e r s .  T h i s  w a s  c a l l e d  t h e  ' a p p a r e n t  
r e d u n d a n c y '  o f  t h e  s t r u c t u r e .  T h e  a c t u a l  r e d u n d a n c y  o f
t h e  s t r u c t u r e  w a s  t h i r t e e n .  T h e  o n e  d e g r e e  o f  i n s t a b i l i t y
c a n c e l l e d  o n e  o f  t h e  r e d u n d a n c i e s  i n  t h e  a l g e b r a i c  e x p r e s s i o n ,
( 5 . 1 ) , .  P h y s i c a l  ly ,  t h i s  i n s t a b i  l i t y  r e p r e s e n t e d  t h e  i n a b i  I ity
o f  t h e  p i n - c o n n e c t e d  s t r u c t u r e  t o  w i t h s t a n d  d i a g o n a l  l o a d s
i n  t h e  p l a n e  o f  t h e  r o o f .  A d i a g o n a l  load  a p p l i e d  a t  o p p o s i t e
c o r n e r s  o f  t h e  s q u a r e  b a s e  o f  t h e  p y r a m i d  c a u s e s  it  t o  c o l  l a p s e .
T h i s  w a s  t h e  r e a s o n  f o r  t h e  a d d i t i o n  o f  a s t a b i l i z i n g  m e m b e r  a s
s h o w n  i n  F ig .  5 . 1  . O n c e  o n e  s t a b i l i z i n g  m e m b e r  w a s  a d d e d ,
t h i s  i n s t a b i l i t y  w a s  o v e r c o m e .  T h e  s t a b i l i t y  o f  t h e  s t r u c t u r e
c o u l d  a l s o  h a v e  b e e n  o b t a i n e d  b y  t h e  a d d i t i o n  o f  a p r o p e r l y
o r i e n t a t e d  r e a c t i o n  c o m p o n e n t .
It w a s  s h o w n  e a r l i e r  t h a t  t h e  s i n g l e  p i n - c o n n e c t e d
h e x a g o n a l - b a s e  p y r a m i d  h a d  t h r e e  d e g r e e s  o f  i n s t a b i l i t y .
H o w e v e r ,  w h e n  t w o  o r  m o r e  r o w s  o f  p y r a m i d s  w e r e  j o i n e d  
t o g e t h e r  i n  a  r o o f  s y s t e m ,  i n s t a b i l i t i e s  e x i s t e d  o n l y  w h e n  
p y r a m i d s  h a d  t h r e e  o r  m o r e  f r e e  e d g e s .  T h e  t w o  m o s t  c o m m o n
s i t u a t i o n s  a r e  s h o w n  i n  F ig ,  5 . 4  . O n e  i n s t a b i l i t y  e x i s t e d  
w h e n  t h r e e  e d g e s  w e r e  f r e e ,  a n d  t w o  e x i s t e d  w h e n  f o u r  e d g e s
w e r e  f r e e .  T h e  l o c a t i o n  o | r e d u n d a n t  m e m b e r s - i n  a  r o o f  
s y s t e m  u s i n g  h e x a g o n a l - b a s e  p y r a m i d s  i s  s h o w n  i n  F ig .  5 . 5  . 
T h e  l o c a l  i n s t a b i i i t i e s  w e r e  i n d e p e n d e n t  o f  t h e  s u p p o r t  s y s t e m  
p r o v i d e d  t h e  s t r u c t u r e  w a s  s u p p o r t e d  a t  i n t e r n a l :  l o c a t i o n s  
r a t h e r  t h a n  a l o n g  t h e  p e r i m e t e r .  A s  i n  t h e  c a s e  o f  t h e  
r o o f  u s i n g  s q u a r e  b a s e  p y r a m i d s ,  t h e  a c t u a l
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— o —o—*0—  s ta b i l i z in g  m e m b e r  m e m b e r s '  frc> a p e x e s  o t  acfja
py rarni ds, -•....
N fx a g o n c t /*  b a s e  p e r i m e t e r  p y r a m i d s  shou t ing  l o c a l
--------------------- R e d u n d a n t  I W e m b e r s
■ —o  —1 o—— S t a b i l i z  i n g  M e m b e r s
b  sr 1 4 4  j  » 4*(b O. x 6
f t *  b - 3 j 4- a  * r z
Apparent redundancy  a+12
J T n s t a  L i t i t i e s  s  /
Aatug( redundancy »4*IB
D 9 • . 5*3 Tfce l o c a t i o n  o f  r e d u n d a n t  m e m  & & r s  m a .  r o o f  
m a d e  f r o m  5 < j u a r e  - b a s e  p y r a m i d s .
*-r& ?.:
JCnsiahi l i t i e s  « <S
Actual  r e d u n d a n c y  a 6
F ig . 5 * 5  I h e  l o c a t i o n  o f  r e d u n d a n t  m e m  b e r s  in a  r o o f  
m a d e  f r o m  Inetxagonal- h a s e  p y r a m i d s .
1 5 3
r e d u n d a n c y  w a s  e q u a l  t o  t h e  a p p a r e n t  r e d u n d a n c y  g i v e n  
by  e q u a t i o n  ( 5 . 1 )  p l u s  t h e  n u m b e r  o f  l o c a l  i n s t a b i l i t i e s .
O n c e  t h e s e  p e c u l i a r i t i e s  o f  t h e  p i n - c o n n e c t e d  
e q u i v a l e n t  s k e l e t o n  s y s t e m s  w e r e  r e a l i z e d ,  it w a s  p o s s i b l e  
t o  d e t e r m i n e  t h e  n u m b e r  a n d  l o c a t i o n  o f  r e d u n d a n t  m e m b e r s  
a n d  a p p l y  t h e  f l e x i b i l i t y  m e t h o d  t o  t h e  a n a l y s i s  o f  t h e  
e q u i v a l e n t  s k e l e t o n  s t r u c t u r e .
T h e  i n c l u s i o n  o f  t h e  m e m b e r s  o f  t h e  u n s t a b l e  p o r t i o n s  
i n  t h e  f l e x i b i l i t y  m a t r i x  w o u l d  h a v e  r e s u l t e d  i n  a  s i n g u l a r  
m a t r i x  w h i c h  c o u l d  n o t  b e  s o l v e d .  T h e r e f o r e  t h e  c o m p o n e n t s  
o f  t h e  l o a d s  i n  t h e s e  m e m b e r s  w e r e  d e t e r m i n e d  f r o m  
e q u i l i b r i u m  c o n d i t i o n s  a t  t h e  e x t e r n a l  n o d e s  a n d  t h e s e  l o a d s  
w e r e  t h e n  c o n s i d e r e d  a s  e x t e r n a l  l o a d s  a p p l i e d  t o  t h e  s t a b l e  
p o r t i o n  o f  t h e  s t r u c t u r e .  A  l i s t  o f  t h e  m e m b e r s  in  t h e  
u n s t a b l e  r e g i o n  o f  t h e  s t r e s s e d - s k i n  s p a c e  g r i d  t e s t  
s t r u c t u r e  d e s c r i b e d  i n  C h a p t e r  6  a n d  t h e  f o r c e s  i n  t h e m  a r e  
g i v e n  b e l o w  in  t e r m s  o f  P ,  t h e  v e r t i c a l  l o a d  a p p l i e d  a t  t h e  
e x t e r n a l  n o d e s .
M e m b e r
l r l
1 - 2
1 - A
F o r c e  ( p o s i t i v e  t e n s i o n )  
2  P  
2 P
-  / J ?
2 - 3
3 - 4
2  P 
2  P
3 - B
4 - 7  
4 - B
-  s / T P  
2  P
-  V 5  P
P r o c e d u r e  f o r  c h o o s i n g  e f f e c t i v e  a r e a s  o f  e q u i v a l e n t  m e m b e r s
T h e  p r o c e d u r e  u s e d  i n  t h e  a n a l y s i s  o f  t h e  e q u i v a l e n t  
s k e l e t o n  s t r u c t u r e  w a s  t o  f i r s t  a s s u m e  t h a t  a l l  t h e  m e m b e r s  
w e r e  o f  c o n s t a n t  c r o s s - s e c t i o n a l  a r e a ,  A, a n d  o f  t h e  s a m e  
m o d u l u s  o f  e l a s t i c i t y , E .  T h e  v a l u e  o f  EA w a s  t a k e n  e q u a l  
t o  t h a t  o f  t h e  a l u m i n i u m  t u b u l a r  m e m b e r s  j o i n i n g  t h e  a p e x e s .  
T h i s  s o l u t i o n  w a s  c a l l e d  (EA - 1 ) .  T h e  a n a l y s i s  o f  t h e  
s t r u c t u r e  b y  t h e  f l e x i b i l i t y  m e t h o d  u s i n g  a n  e l e c t r o n i c  
d i g i t a l  c o m p u t e r  g a v e  a  f i r s t  s o l u t i o n  f o r  t h e  m e m b e r  f o r c e s  
a n d  j o i n t  d e f l e c t i o n s ;  T h e  m e m b e r  f o r c e s  w e r e  t h e n  u s e d  t o  
c h o o s e  t h e  e f f e c t i v e  a r e a  o f  e a c h  i n d i v i d u a l  G R P  m e m b e r .
T h e  m o d u l i  o f  e l a s t i c i t y  o f  t h e  G R P  m a t e r i a l  i n  t e n s i o n  a n d  
c o m p r e s s i o n  w e r e  s u b s t i t u t e d  f o r  t h e  e l a s t i c  m o d u l u s  o f  
a l u m i n i u m  f o r  t h e  G R P  m e m b e r s .  T h i s  s e c o n d  s e t  o f  a r e a  
a n d  m o d u l i  v a l u e s  w a s  c a l l e d  (EA -  2 )  . r f e T h e  a n a l y s i s  w a s \  
r e p e a t e d  t o  g i v e  a ; s e c o n d  s o l u t i o n  o f  t h e  m e m b e r  f o r c e s  a n d  
j o i n t  d i s p l a c e m e n t s .  T h i s  p r o c e s s  w a s  r e p e a t e d  u n t i l  t h e  
d i f f e r e n c e s  b e t w e e n  m e m b e r  f o r c e s  a n d  j o i n t  d i s p l a c e m e n t s  
in  t w o  s u c c e s s i v e  s o l u t i o n s  w a s  s u f f i c i e n t l y  s m a l l .
T h r e e  i t e r a t i o n s  w e r e  s u f f i c i e n t  f o r  t h e  s t r u c t u r e s  s t u d i e d .
T h e  EA v a l u e s  o f  t h e  t u b u l a r  m e m b e r s  r e m a i n e d  c o n s t a n t  
t h r o u g h o u t  t h e  a n a l y s i s  b u t  it w a s  n e c e s s a r y  t o  c h o o s e  t h e  
EA v a l u e s  f o r  s i x  d i f f e r e n t  t y p e s  o f  G R P  m e m b e r s .  T h e s e  w e r e
T y p e  1 . ;  d i a g o n a l  c o m p r e s s i o n  m e m b e r s  : ; ; ;
T y p e  2 .  d i a g o n a l  t e n s i o n  m e m b e r s
T yp e  3 .  i n t e r i o r  h e x a g o n a I - l a y e r  c o m p r e s s i o n  m e m b e r s .
T yp e  4 .  e x t e r i o r  h e x a g o n a l - l a y e r  c o m p r e s s i o n  m e m b e r s .
T yp e  5.  i n t e r i o r  h e x a g o n a l - l a y e r  t e n s i o n  m e m b e r s  '■
T y p e  6 .  e i ^ e r i o r  h e ^ g o n a l  - l a y e r  t e n s i o n  r i e m M r i
, a
c o n d i t i o n  s i m i l a r  t o  t h e  p y r a m i d  w i t h  c o r n e r  s u p p o r t s .  
T h e  t e s t s  o n  t h e  p e r s p e x  p y r a m i d  s h o w e d  t h a t  t h e
Eq. ( 4 . 4 0 )  t o  p y r a m i d s  w i t h  c o n t i n u o u s  s u p p o r t s  w e r e  
s i m i l a r  t o  t h e  e x p e r i m e n t a l  r e s u l t s  f o r  p y r a m i d s  w i t h  : : 
c o r n e r  s u p p o r t s .  T h e  a c c u r a c y  w a s  v e r y  g o o d  a t  t h e  . 
a p e x  lo a d  o f  Q -  1 6 0 0  lb.  T h e r e f o r e  t h e  m e t h o d  d e s c r i b e d  
i n  S e c t i o n  4 . 1 0  w a s  u s e d  t o  c a l c u l a t e  t h e  e f f e c t i v e  s t r u t  
a r e a s
s t r u c t u r e s .  T h e  a c c u r a c y  o f  t h i s  a s s u m p t i o n  w a s  c h e c k e d  
a g a i n s t  t h e  r e s u l t s  o f  l o a d - d e f l e c t i o n  s t u d i e s  o f r f o u r  G R P  
p y r a m i d s .  . ‘ .. : ’
p y r a m i d s
U l t i m a t e  lo a d  t e s t s  w e r e  c a r r i e d  o u t  o n  t h r e e  G R P  
p y r a m i d s  t o  c o n f i r m  t h e  a p p l i c a t i o n  o f  t h e  a u t h o r ' s  p r o p o s e d  
e f f e c t i v e  w i d t h  f o r m u l a  ( 4 . 4 1 )  a s  w e l l  a s  E q s .  ( 4 . 3 9 )  
a n d  ( 4 . 4 0 ) .  To t h e s e  w e r e  a d d e d  t h e  r e s u l t s  0 ;
f r o m  P y r a m i d  2  o f  t h e  e x p l o r a t o r y  t e s t s .  T w o  o f  t h e  
p y r a m i d s ,  2  a n d  4 ,  w e r e  s i m i l a r  t o  t h o s e  u s e d  in  t h e  
s t r e s s e d - s k i n  s p a c e  g r i d .  P y r a m i d  4  w a s  s i m i l a r  t o  t h e  
s u p p o r t  p y r a m i d s  a n d  P y r a m i d  2  w a s  s i m i l a r  t o  t h o s e  
u s e d  i n  t h e  c e n t r e  p o r t i o n s  o f  t h e  g r i d .  P y r a m i d s  5  a n d  
6  w e r e  s p a r e  u n i t s  s u p p l i e d  w i t h  t h e  s p a c e  g r i d  a n d  w e r e  
s t r e n g t h e n e d  a l d n g c t h e  i n c l i n e d  j u n c t i o n s  t o  d e t e r m i n e  
t h e  e f f e c t s  o f  l o c a l  r e i n f o r c e m e n t .  P y r a m i d  5  h a d  o n e  
e x t r a  3  i n .  w i d e  l a y e r  o f  r e i n f o r c e m e n t  a d d e d ,  a n d  P y r a m i d  6  
h a d  t w o  e x t r a  l a y e r s  o f  t h e  s a m e  w i d t h  a d d e d .
T h e  t e s t s  w e r e  c a r r i e d  o u t  i n  t h e  l o a d i n g  a p p a r a t u s  
u s e d  f o r  t h e  p e r s p e x  p y r a m i d ,  u s i n g  a  4 0 0 0  lb .  p r o v i n g  
r i n g  f o r  P y r a m i d  4  a n d  a  1 0  t o n  p r o v i n g  r i n g  f o r  P y r a m i d s  5  
a n d  6 .  Load w a s  a p p l i e d  in  1 0 0  lb.  i n c r e m e n t s  a t  t h e  
r a t e  o f  1 0 0  i b / m i n .  f o r  P y r a m i d  4 ,  a n d  in  2 0 0  lb.  i n c r e m e n t s  
a t  t h e  s a m e  r a t e  f o r  P y r a m i d s  5  a n d  6 .  I n  a l l  c a s e s  o n l y  
v e r t i c a l  a p e x  d e f l e c t i o n s  w e r e  m e a s u r e d  u s i n g  f o u r  d ia l  g a u g e s  
a s  b e f o r e .  S t r a i n  r e a d i n g s  w e r e  n o t  t a k e n  b e c a u s e  o f  t h e  
g r e a t  v a r i a b i l i t y  in  t h e  t h i c k n e s s  ( -  2 0 % )  o f  t h e  p l a t e  
m a t e r i a l .
T h e  s u p p o r t s  w e r e  t h e  s a m e  a s  t h o s e  u s e d  
in  t h e  s e c o n d  s t a g e  e x p l o r a t o r y  t e s t s ,  w i t h  t h e  2  i n .  f l a n g e s
r e p l a c e d  b y  a  I i n .  x  2  i n .  w o o d  s t r i p  b o n d e d  t o  t h e  
p y r a m i d  b a s e  w i t h  e p o x y  r e s i n ,  a n d  f a s t e n e d  t o  t h e  
h e x a g o n a l  b o x - b e a m  a t  f i v e  p o i n t s  a l o n g  e a c h  s i d e  o f  t h e  
p y r a m i d .
A n  o v e r l a p  o f  t h e  t a i l o r e d  r e i n f o r c e m e n t  w a s  u s e d  
a t  e a c h  o f  t h e  i n c l i n e d  j u n c t i o n s  o f  t h e  G R P  p y r a m i d s  t o  
e n s u r e  c o n t i n u i t y .  T h e  a d d i t i o n a l  t h i c k n e s s  c a u s e d  by  
t h i s  o v e r l a p  w a s  c o n s i d e r e d  w h e n  c a l c u l a t i n g  t h e  e f f e c t i v e  
a r e a s  o f  t h e  s t r u t s  f r o m  t h e  e f f e c t i v e  w i d t h  d a t a .  U s i n g  
t h e  n o t a t i o n  o f  F ig .  5 . 6 ,  w h e r e  w  w a s  t h e  w i d t h  o f  t h e  
o v e r l a p  o n  o n e  s i d e  o f  t h e  j u n c t i o n ,  t h e  d a t a  f o r  t h e  
f o u r  p y r a m i d s  a r e  g i v e n  i n  T a b le  5 . 1  .
TABLE 5 .1
Ry r a  m  id hla. t
(in .)
t ‘ 
( i  n.)
t n
( in ) C in)
UJ
(in.)
2 0 . 0 6 6 0 . 1 3  1 0 . 0 7 3 - h o
4 0 . 0 7 3 O. 18 8 0.  1 O(o - hO
5 0 . 0 3 / — — O . i l t o t . s
Q> O .O Q b — *- Q. 2 . 3 0 1.5
T h e  a v e r a g e  d e f l e c t i o n s  o f  t h e  f o u r  a p e x  g a u g e s  ( £ v) 
a r e  g i v e n  f o r  P y r a m i d s  4 ,  5  a n d  6  i n  T a b l e s  A  1 4  t o  A  1 6  
r e s p e c t i v e l y .  T h e  l o a d - d e f l e c t i o n  g r a p h s  f o r  t h e s e
P l a n  V i e w  o f  + n * p e z . o i d a l w a l l
**— UJg
S e c f i o n  A , - A  S e c t i o n  B -  ft
N o  t a f / o n  u s  e c f  f o  r  c a / c u  t o  t i n g  <e f f e c  H  v e  p r e p s
m e m b e r s  f o r  G R P  p g r d m i  d s .
u l t i m a t e  l o a d  t e s t s  p l u s  t h e  r e s u l t s  o f  P y r a m i d  2  f r o m  t h e  
e x p l o r a t o r y  t e s t s  a r e  g i v e n  i n  F ig .  5 . 7  .
T h e  a p p l i c a t i o n  o f  t h e  e f f e c t i v e  w i d t h  f o r m u l a s  to  
s e v e r a l  s e c t i o n s  a l o n g  t h e  p l a t e  a n d  t h e  c a l c u l a t i o n  o f  
t h e  a v e r a g e  e f f e c t i v e  w i d t h  b y  g r a p h i c a l  i n t e g r a t i o n  w a s  a  
v e r y  l a b o r i o u s  p r o c e d u r e .  It w a s  n o t e d  t h a t  t h e  a v e r a g e  
e f f e c t i v e  w i d t h s  f o r  a l l  t h e  c a l c u l a t i o n s  c a r r i e d  o u t  o n  t h e  
p e r s p e x  p y r a m i d  l a y  i n  a  n a r r o w  b a n d  n e a r  a h o r i z o n t a l  l i n e  
t h r o u g h  t h e  c e n t r o i d .  T h i s / w a s  t r u e  f o r  b o t h  t h e  
c o n t i n u o u s  a n d  c o r n e r  s u p p o r t  c a s e s .  T h e  a v e r a g e  
e f f e c t i v e  w i d t h  f o r  a l l  c a s e s  w a s  f o u n d  t o  l i e  a t  a  
p l a t e  w i d t h ,  b = 1 5 . 5  i n .  T h e r e f o r e ,  t h e  c a l c u l a t i o n s  
c a r r i e d  o u t  o n  t h e  G R P  p y r a m i d s  w e r e  a l l  b a s e d  o n  t h i s  
a v e r a g e  s e c t i o n .
T h e  e x p e r i m e n t a l  e f f e c t i v e  a r e a s  w e r e  d e t e r m i n e d  f r o m  
t h e  d e f l e c t i o n  p r o p e r t i e s  by  s t r a i n  e n e r g y  m e t h o d s  a s  
d e s c r i b e d  in  S e c t i o n  4 . 9  . T h e  l e n g t h  o f  t h e  d i a g o n a l  
m e m b e r  f o r  t h e s e  p y r a m i d s  w a s  2 6 . 1 4  i n . ,  a n d  t h e  m o d u l u s
f\ 9
o f  e l a s t i c i t y  i n  c o m p r e s s i o n  w a s  0 . 9  x  1 0  I b / i n .  .
T h e  c r i t i c a l  b u c k l i n g  l o a d  d a t a  r e q u i r e d  f o r  t h e  a p p l i c a t i o n  
o f  Eq. ( 4 . 4 1 )  w a s  g i v e n  i n  T a b l e  4 . 2 .  T h e  t h i c k e n i n g  o f  t h e

c o r n e r s  d u e  t o  t h e  o v e r l a p  o f  r e i n f o r c e m e n t  d id  n o t  
a f f e c t  t h e  c r i t i c a l  b u c k l i n g  s t r e s s  o f  t h e  w a l l s  o f  P y r a m i d s  
N o s .  2  a n d  4  a p p r e c i a b l y .  T h e  t o r s i o n a l  s t i f f n e s s  w a s  n o t  
i n c r e a s e d  v e r y  m u c h  a n d  s o  t h e  c o n d i t i o n  o f  s i m p l e  
s u p p o r t s  w a s  a s s u m e d  t o  p r e v a i l .  H o w e v e r ,  t h e  t h e o r e t i c a l  
b u c k l i n g  l o a d  o f  t h e  p l a t e  w a s  i n c r e a s e d  b e c a u s e  o f  t h e  
i n c r e a s e  in  c r o s s - s e c t i o n a l  a r e a  d u e  t o  t h e  o v e r l a p .
T h e  t o r s i o n a l  s t i f f n e s s  o f  t h e  j u n c t i o n s  o f  
P y r a m i d s  5, S n d  6,  w a s  i n c r e a s e d  by  t h e  a d d i t i o n a l  
r e i n f o r c e m e n t ,  b u t  t h e  t e s t  r e s u l t s  in  a l l  f o u r  c a s e s  
s h o w e d  t h a t  i m p e r f e c t i o n s  i n  m a n u f a c t u r e  a n d  t e s t i n g  
c a u s e d  t h e  a c t u a l  b u c k l i n g  l o a d s  t o  b e  w e l l  b e l o w  t h e  
t h e o r e t i c a l  v a l u e s .
T h e  c r o s s - s e c t i o n a l  a r e a  a t  a n y  s e c t i o n  o f  t h e  
p y r a m i d  w a l l  w a s  g i v e n  b y  t h e  f o r m u l a :
A  =  h i  + 2 u j f i ' + F - z i ) !  ( 5 - 2)
2
A t  b = 1 5 . 5  i n . ,  t h e  r e s u l t s  f o r  t h e  f o u r  t e s t  p y r a m i d s  w e r e :  
P y r a m i d  2 :  A  = 1 . 1 4 4  i n . 2
A  = 1 . 3 6 4  i n . 2
A  = 1 . 5 7 3  i n . 2
P y r a m i d  4  
P y r a m i d  5
P y r a m i d  6 :  A  = 1 . 8 1 6  i n .
A n d  f i n a l l y ,  t h e  v a l u e s  o f  c r  w e r e  e q u a l  t o
O' -  Q w h e r e  Q w a s  t h e  v e r t i c a l  a p e x  lo a d .
3  (A  1
H a v i n g  c a l c u l a t e d  t h e  e f f e c t i v e  w i d t h s  u s i n g  Eq. ( 4 . 4 1 ) ,  t h e  
e f f e c t i v e  s t r u t  a r e a s ,  A  . w e r e  d e t e r m i n e d  f r o m  t h e
W h e n  w g <  w ,  t h e  a s s u m e d  c r o s s - s e c t i o n  o f  s t r u t  w a s  
a s  s h o w n  i n  F ig .  5 . 8 .  T h e  a c t u a l  c r o s s - s e c t i o n a l  a r e a  o f  
t h e  s t r u t  l a y  s o m e w h e r e  b e t w e e n  t h i s  v a l u e ,  a n d  t h a t  
o b t a i n e d  by  a s s u m i n g  a  w i d t h ,  w  . o f  t h e  o v e r l a p p e d  s e c t i o n  
to  b e  a c t i v e .
T h e  s t r e s s e s , cre  , a c t i n g  o n  t h e  e f f e c t i v e  a r e a s ,
A  , w e r e  t h e n  c a l c u l a t e d  f r o m  t h e  r e l a t i o n s h i p
<Te  = F , w h e r e  F w a s  t h e  s t r u t  lo a d ,  v/p Q, f o r
t h e  p r o p o r t i o n s  o f  t h e  t e s t  p y r a m i d s .  T h e s e  w e r e  
i n t r o d u c e d  i n t o  E q s .  ( 4 . 3 9 )  a n d  ( 4 . 4 0 )  a n d  t h e  e f f e c t i v e  
a r e a s  w e r e  t h e n  c a l c u l a t e d  a s  d e s c r i b e d  a b o v e .  T h e  
r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  g i v e n  f o r  P y r a m i d s  2  a n d  4  i n
T a b l e s  A 1 7  a n d  A  1 8 .  T h e s e  r e s u l t s  a r e  p l o t t e d  i n  F i g s .  5 . 9
’ e ’
r e l a t i o n s h i p  ( S e e  F ig .  5 . 6 ) :
( 5 . 3 )
F i g .  5 . 8  N o f a  h 'o n  u s  e d  f o r  c a  /c u  /a  / /h y  e  f f e c t f v a  p t e a s  o f  
m e m b e r s  f o r  G R P  p y r a m i d s  l o h e n  c a ^ K c o  .
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a n d  5 . 1 0 .  T h e  p y r a m i d s  w i t h  r e i n f o r c e d  j u n c t i o n s ,
5  a n d  6 ,  w e r e  o f  l i m i t e d  i n t e r e s t  a n d  s e r v e d  o n l y  t o  
d e t e r m i n e  t h e  e f f e c t  o f  l o c a l  r e i n f o r c e m e n t  o n  t h e  
p y r a m i d  b e h a v i o u r .  T h e r e f o r e  o n l y  Eq. ( 4 . 4 1 )  w a s  
c o m p a r e d  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s .  T h e  r e s u l t s  
o f  t h e  c a l c u l a t i o n s  a r e  g i v e n  in  T a b l e s  A  1 9  a n d  A 2 0 .  
T h e y  a r e  a l s o  p l o t t e d  in  F i g s .  5 . 1 1  a n d  5 . 1 2 .  T h e  
t h e o r e t i c a l  e f f e c t i v e  s t r u t  a r e a  b e f o r e  t h e  c r i t i c a l  
b u c k l i n g  l o a d  w a s  r e a c h e d  w a s  c a l c u l a t e d  f r o m  t h e  
e x p r e s s i o n  :
A e .  = 2 . ^ 1  I  ^ 1 - i - ^ s . J  t  i j  + 2 uj f  i ' + t " - Z t \
T h e  i d e n t i t y  o f  t h e s e  v a r i o u s  p a r a m e t e r s  i s  g i v e n  i n  
Fig .  5 . 6 .  T h e  v a l u e s  o f  A  b e f o r e  b u c k l i n g  a r e  g i v e n  
in  t h e  a p p r o p r i a t e  d i a g r a m s  o f  e f f e c t i v e  s t r u t  a r e a  v e r s u s  
s t r u t  lo a d ,  m e n t i o n e d  p r e v i o u s l y .
R e s u l t s  o f  t e s t s  o n  G R P  p y r a m i d s
T h e  r e s u l t s  s h o w n  i n  F i g s .  5 . 9  t o  5 . 1 2  i n d i c a t e d  
t h a t  t h e  i m p e r f e c t i o n s  i n d u c e d  d u r i n g  t h e  f a b r i c a t i o n  
o f  t h e  G R P  p y r a m i d s  c a u s e d  t h e  w a l l s  t o  a c t  a l m o s t  
e n t i r e l y  i n  t h e  p o s t - b u c k l i n g  r a n g e .  T h e  o n l y  e x c e p t i o n  
t o  t h i s  w a s  P y r a m i d  4 ,  u p  t o  a  s t r u t  l o a d  o f  a p p r o x i m a t e l y  
1 D 0  lb .  P y r a m i d s  2  a n d  4  a r e  g o o d  e x a m p l e s  o f  t h e
1 6 ' 5
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e x tre m e s  w h ic h  o n e  c o u ld  e x p ect in  m a n u f a c t u r e d  
u n it s  w ith  a w id e  r a n g e  of v a r ia t io n  in  t h ic k n e s s e s .
E q u a t io n s  (4 .4 1 )  a n d  (4 .3 9 ) g ave a lm o s t  id e n t ic a l  
r e s u lt s ,  w h ile  e q u a tio n  ( 4 . 4 0 )  se t a lo w e r l im it  on t h e  
e ffe c t iv e  s t r u t  a r e a s .  T h e  f i r s t  two e q u a t io n s  a g re e d  
w e ll w ith  t h e  e x p e rim e n t a l r e s u lt s  f o r  P y r a m id  2 o v e r  
t h e  s e c o n d  h a lf  of t h e  load r a n g e  w h ile  t h e  t h ir d  
e q u a tio n  w a s c o n s e r v a t iv e  t h r o u g h o u t  m ost of it. T h e  
s a m e  t h r e e  e q u a t io n s  w e r e  c o n s e r v a t iv e  t h r o u g h o u t  m ost  
of th e  load r a n g e  of P y ra m id  4 . T h is  w as exp ected  b e c a u s e  
Eq. (3 .1 3 ),  w h ic h  w a s o f a s im i la r  fo rm  to Eq. (4 .4 1 ),w as
29
c o n s e r v a t iv e  fo r  te s ts  c a r r ie d  o u t on r e c t a n g u la r  p la te s .  
B e c a u s e  <Je  in  Eq. (4 .3 9 ) a n d  ( 4 . 4 0 )  w as ta k e n  fro m  t h e  
c a lc u la t io n s  in v o lv in g  Eq. (4 .4 1 ),  t h e y  w e r e  a ls o  
c o n s e r v a t iv e .  P y ra m id  2 b e h a ve d  m o re  lik e  t h e  c a s e  of 
c o r n e r  s u p p o r t s ,  e v e n  t h o u g h  th e  t r u e  s u p p o r t s  w e re  
c o n t in u o u s  a n d  fix e d . T h t e w a s  d u e  to t h e  im p e rfe c t  
n a t u r e  of t h e  p late  m a t e r ia l.
T h e  e ffe c ts  of in it ia l  im p e r fe c t io n s  b e ca m e  le s s  
p r o n o u n c e d  a s  t h e  u lt im a t e  load w as a p p ro a c h e d  a n d  th e  
c u r v e s  c o n v e rg e d .
T h e  s a m e  o b s e r v a t io n s  a p p ly  to t h e  r e s u lt s  of 
t h e  te s ts  o n  P y r a m id s  5  a n d  6 .
T h e  u lt im a te  load w as re a c h e d  w h e n  t h e  e ffe c t iv e  
s t r u t  a r e a  w as a p p ro x im a te ly  e q u a l to th e  a r e a  o f th e  
r e in f o r c e d  p o rt io n  of t h e  ju n c t io n s .
A  c o m p a r is o n  of th e  lo a d -d e fle c t io n  g r a p h s  o f  
Fig. 5 . 7  sh o w e d  th a t th e ' in c r e a s e  in  t h e  a rrio u n t of 
m a te ria l at th e  ju n c t io n s  of th e  p y ra m i ds g r e a t ly  in c r e a s e d  
th e  s t if f n e s s  a n d  th e  s t r e n g t h .  T h e  b ro k e n  p o r t io n s  of 
th e  c u r v e s  fo r  P y r a m id s  4  a n d  5 w e re  e x t ra p o la t io n s  
added b e c a u s e  total c o lla p s e  o c c u r r e d  b e fo re  th e  apex  
d e fle c t io n  g a u g e s  c o u ld  be re a d  at u lt im a te  load. A c c e p t in g  
th a t t h is  e x tra p o la t io n  w as ju s t if ie d ,  a n  in t e r e s t in g  p a tte rn  
e m e rg e d . T h e  u lt im a te  load p o in ts  fe ll v e r y  c lo s e  to a n  
in c lin e d  s t r a ig h t  l in e .  M a n y  m o re  te sts  w o u ld  be n e c e s s a r y  
b e fo re  a n y  d e f in it e  c o n c lu s io n s  c o u ld  be d ra w n , b u t it w o u ld  
a p p e a r th a t s u c h  b e h a v io u r  c o u ld  fo rm  a b a s is  o n  w h ic h  
t h e  u lt im a te  load o f th e  p y ra m id s  c o u ld  be p re d ic te d .
E ffe c tiv e  a r e a s  of m e m b e rs  fo r  s t r e s s e d - s k in  s p a c e  g r id
T h e  m e th o d s u s e d  fo r  th e  c h o ic e  of th e  e ffe c t iv e  
m e m b e r a r e a s  fo r  th e  s t r e s s e d - s k in  s p a c e  g r id  a r e  g iv e n  
below .
Type 1: T h e  e ffe c t iv e  a r e a s  of d ia g o n a l c o m p r e s s io n
s t r u t s  w e re  c h o s e n  fro m  th e  g ra p h  of Eq. ( 4 . 4 0 )  in  Fig. 5 . 9  
fo r  th e  p y ra m id s  in  th e  c e n t r e  p o rt io n  of t h e  g r id  a n d  in
1 7 1
F ig . 5 . 1 0  fo r  t h e  s u p p o r t  p y ra m id s .
Type 2 : T h e  e ffe c t iv e  a r e a s  of d ia g o n a l t e n s io n
m e m b e rs  w e r e  c h o s e n  on th e  a s s u m p t io n  t h a t  t h e  w h o le  
of t h e  p late  w a s e ffe c t iv e  in  t e n s io n .  O n e - t h ir d  of t h e  
a re a  of e a c h  w a ll w as c o n s id e r e d  to m ake u p  t h e  m e m b e r  
at th e  ju n c t io n  to w h ic h  it w as a d ja c e n t. R e f e r r in g  to 
F ig . 5 . 1 3 ,
A p  = £  f  ^2. (hi+hz)~ b ,  h , l  ( k ' t  t " - z i )
w  I 3  “ a *  J
( 5 . 5 )
w h e r e  t h e  s e c o n d  se t of t e r m s  r e p r e s e n t s  t h e  c o n t r ib u t io n
of t h e  o v e r la p  at t h e  j u n c t io n s .  U s in g  t h e  above e q u a tio n
2
t h e  v a lu e  f o r  t h e  s u p p o r t  p y ra m id s  is  A Q -  0 .8 6 1  in .  ; a n d
t h e  v a lu e  fo r  t h e  o t h e r  p y ra m id s  is  A  = 0 . 7 0 6  in .
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T ype 3 : T h e  in t e r io r  h e x a g o n a i- la y e r  c o m p r e s s io n  
m e m b e rs  w e r e  m ade u p  fro m  two p o rt io n s  of t h e  p y ra m id , t h e  
lo w e r r e g io n s  of t h e  t ra p e z o id a l p la te s a n d  t h e  2  in .  c o n n e c t io n  
f la n g e s .  T h e  t ig h t e n in g  of t h e  bo lts c o n n e c t in g  th e  
p y ra m id s  c a u s e d  la r g e  d e fo rm a tio n s  of t h e  f la n g e s  b e fo re  
a n y  e x t e r n a l load w asfeapplied. T h e  r e in f o r c e m e n t  w as  
c o n t in u o u s  a c r o s s  t h e  j u n c t io n  betw een t h e  tra p e z o id a l  
p la te s  a n d  t h e  f la n g e s ,  so  t h e r e  w as n o  a d d it io n a l r e in f o r c e m e n t  
d u e  to o v e r la p  at t h is  j u n c t io n .  T h e r e fo r e ,  t h e  e ffe ct of 
t h e  2  in .  f la n g e s  in  c o m p r e s s io n  w as s im i l a r  to t h e  e ffe ct
F i g . 5 -13 D  i a g o n a l  t e n s i o n  m e m b e r -  a s s  u m e a t a c t iv e
u n d e r  l o a d .
of r e in f o r c e m e n t  o v e r la p  a lo n g  t h e  i n c l in e d  ju n c t io n s .
T h e  e ffe c t iv e  a r e a s  w e r e  ta k e n  fro m  th e  g r a p h s  of
e q u a tio n  ( 4 . 4 0 )  in  F ig s . 5 . 9  a n d  5 . 1 0  fo r  th e  re s p e c t iv e
p y ra m id s . A t a h e x a g o n a l- la y e r  m e m b e r fo rm e d  by t h e
c o n n e c t io n  betw een a s u p p o r t  p y ra m id  w ith  o n e  fro m  t h e
c e n t r e  p o rtio n  of t h e  plate, t h e  e ffe c t iv e  a r e a  w a s ta ken
to be e q u a l to o n e  h a lf  t h e  s u m  of t h e  e ffe c t iv e  a re a s
o b ta in e d  fro m  t h e  two g r a p h s .
Type 4 : T h e  e ffe c t iv e  a re a  of a n  e x t e r io r  h e x a g o n a l-
la y e r  c o m p r e s s io n  m e m b e r w as a s s u m e d  to be o n e  h a lf
t h e  v a lu e  of a s im i la r  in t e r io r  m e m b e r.
Type 5: T h e  e ffe c t iv e  a r e a s  of in t e r io r  h e x a g o n a l- la y e r
t e n s io n  m e m b e rs  w e r e  m ade u p  fro m  t h e  c o n t r ib u t io n  of
t h e  w h o le  of t h e  2  in .  f la n g e  p lu s  o n e  t h ir d  of t h e  a d ja c e n t
p y ra m id  w a ll.  A g a in  r e f e r r in g  to F ig . 5 .1 3 ,
A g  =  i  (  h , - h h )  + 2 o r J  (
U s in g  th e  abo ve e q u a tio n  t h e  v a lu e  fo r  t h e  s u p p o r t  p y ra m id
9
is  A  = 1 . 0 2 6  in .  ; a n d  t h e  v a lu e  fo r  th e  o t h e r  p y ra m id s
. 2
is  A  = 0 . 9 0 8  in .  . H e re  a g a in  t h e  e ffe c t iv e  a re a  w as  
ta ke n  e q u a l to o n e  h a lf  t h e  s u m  of t h e  e ffe c t iv e  a r e a s  if  
t h e  m e m b e r w as c o m p r is e d  of both s u p p o r t  a n d  c e n t r e  
p y ra m id s .
1 7 4
T ype 6 : T h e  e ffe c t iv e  a r e a s  of e x t e r io r  h e x a g o n a l- la y e r
t e n s io n  m e m b e rs  w e r e  a s s u m e d  to be o n e  h a lf  of t h e  
v a lu e  g iv e n  by e x p r e s s io n  (5 . 6 ).
T h e  u s e  of t h e  g r a p h s  o b ta in e d  fro m  e q u a tio n  
( 4 . 4 0 )  to d e t e r m in e  t h e  e ffe c t iv e  a re a s  of t h e  c o m p r e s s io n  
s t r u t s  a s s u m e d  t h a t  t h e  p la te s  w e re  p e r fe c t ly  f la t  a n d  
a x ia lly  loaded u p  to c r it i c a l  b u c k lin g  load. In  fa ct  
t h is  w a s n o t t r u e  in  t h e  a c t u a l f u l l  s c a le  s t r u c t u r e .
To a c c o u n t  f o r  t h is  a f o u r t h  a n a ly s is  w a s c a r r ie d  o u t  
a s s u m in g  t h a t  t h e  e ffe c t iv e  a re a  of c o m p r e s s io n  m e m b e rs  
T ype 1, Type 3  a n d  Type 4  w as e q u a l to t h e  e ffe c t iv e  a re a  
of t h e  o v e r la p  p o rt io n  of t h e  j u n c t io n  o n ly .  T h is  w a s  
e q u iv a le n t  to a s s u m in g  t h e  e ffe c t iv e  a re a  of t h e s e  
m e m b e rs  to be e q u a l to t h e  v a lu e  o b ta in e d  at u lt im a t e  load  
t h r o u g h o u t  t h e  f u l l  load r a n g e . T h e  r e v is e d  e ffe c t iv e  a r e a s
of c o m p r e s s io n  m e m b e rs  w e r e : s u p p o r t  p y ra m id s , A  = 0 . 2 9 4
2 2  e  
in .  ; o t h e r  p y ra m id s , A  = 0 . 2 0 4  in .  . T h e
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a s s u m p t io n s  f o r  t h e  r e s t  of t h e  m e m b e rs  re m a in e d  t h e  sa m e .  
T h e  r e s u lt s  of t h e  t h e o r e t ic a l  a n a ly s e s  f o r  t h e  s t r e s s e d - s k in  
s p a c e  g r id  te s t  s t r u c t u r e  a r e  g iv e n  in  T a b le s  A  21 to A  2 5  
of A p p e n d ix  3.
5 . 7  T h e  a n a ly s is  of t h e  s t r e s s e d - s k in  b a r r e l  v a u lt
T h e  s t r e s s e d - s k in  b a r r e l  v a u lt  w a s a n a ly s e d  by 
t h e  s t if f n e s s  m e th o d  u s in g  a n  e le c t r o n ic  d ig ita l c o m p u t e r.
T h e  c h a n g e  in  m e th o d s w as m ade fo r  two r e a s o n s .  F ir s t ly ,  
t h e  n u m b e r  of r e d u n d a n t  m e m b e rs  w as m u c h  la r g e r  t h a n  
w as t h e  c a s e  w ith  t h e  s t r e s s e d - s k in  s p a c e  g r id .
T h is  e x h a u s t e d  t h e  s to ra g e  s p a c e  of t h e  c o m p u t e r.
S e c o n d ly , it w a s f o u n d  th a t t h e  e q u a t io n s  of t h e  f le x ib ilit y  
m a t r ix  w e r e  i l l - c o n d it io n e d .
T h e  r e s u lt s  of t h e  te s ts  on th e  s t r e s s e d - s k in  s p a c e  
g rid ,  g iv e n  in  C h a p t e r  7, sh o w e d  th a t t h e  b e st c o r r e la t io n  
betw een t h e  t h e o r y  a n d  t h e  e x p e rim e n t a l r e s u lt s  w a s  
o b ta in e d  u s in g  t h e  a s s u m p t io n  th a t th e  e ffe c t iv e  a re a  of 
t h e  c o m p r e s s io n  s t r u t  w a s e q u a l to th e  a re a  of th e  
ju n c t io n  o v e r la p  o n ly .  T h e s e  sa m e  a s s u m p t io n s  w e re  t h e n  
m ade f o r  t h e  a n a ly s is  of t h e  b a r r e l  v a u lt  s t r u c t u r e  
w ith  t h e  a v e ra g e  t h ic k n e s s e s  o b ta in e d  fro m  t h e  p y ra m id s  
u s e d  in  b u ild in g  it. T h e  a v e ra g e  t h ic k n e s s  v a lu e s  w e re  
t = 0 . 0 5 5  i n . ,  t' = 0 . 1 2 6  i n . ,  a n d t "  = 0 . 0 8 4  i n . ,  w h e r e  
w = 1 . 0  in .  T h e  e ffe c t iv e  a r e a s  of t h e  t e n s io n  m e m b e rs  
w e r e  c h o s e n  in  t h e  s a m e  m a n n e r  a s  f o r  t h e  s p a c e  g r id .
T h e  f i r s t  s o lu t io n  a s s u m e d  a ll  t h e  m e m b e rs  to be of t h e  
s a m e  c r o s s - s e c t io n a l  a r e a  a n d  m o d u lu s  of e la s t ic it y  as  
t h e  t u b u la r  m e m b e rs  (EA - 1 ) .  T h e  e ffe c t iv e  a re a s  
of t h e  s ix  ty p e s of G R P  m e m b e rs  u s e d  in  EA -  2 a r e  
g iv e n  in  T a b le  5 . 2  .
T A B L E  5 . 2
T y p e  o f  m e m b e r E f f e c t i v e  a r e a  O n * )
1 0 * 2 / 0
2 0 * 6 / 0
3 0 * 2 / 0
A o  * / o s
5 O * 7 2  4
(6 O  * 3 6 2
T h e  r e s u lt s  of t h e  t h e o r e t ic a l a n a ly s e s  f o r  th e  b a r r e l  
v a u lt  te st s t r u c t u r e  a r e  g iv e n  in  T a b le s  A  26 a n d  A  2 7  of 
A p p e n d ix  3 .
D e ta ile d  d e s c r ip t io n s  of t h e  two te st s t r u c t u r e s  a r e  
g iv e n  in  C h a p t e r  6  a n d  t h e  r e s u lt s  of t h e s e  a n a ly s e s  a r e  
c o m p a re d  w ith  e x p e rim e n t a l data in  C h a p t e r  7.
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C H A P T E R  6
T h e  E x p e rim e n t a l S tu d y  of two F u l l - S c a l e  L ig h tw e ig h t
P y ra m id a l R oof S y s te m s
6 . 1 In t r o d u c t io n
T h e  e ffe c t iv e  w i d t i  f o r m u la s  w e r e  s h o w n  to be in  
good a g re e m e n t  w ith  t h e  r e s u lt s  of te s ts  o n  p y ra m id s  
w ith  t h ic k n e s s  p r o p e r t ie s  a n d  s u p p o rt  c o n d it io n s  w h ic h  
w e r e  s im i l a r  to t h e  a s s u m p t io n s  of t h e  a n a ly s is .  T h e  
e ffe c ts  of im p e rfe c t  w o r k m a n s h ip  w e re  s h o w n  to c a u s e  
v a r ia t io n s  fro m  t h e  t h e o r e t ic a l  b e h a v io u r  w h ic h  m u s t  
be a c c o u n t e d  fo r .  In  t h is  c h a p t e r,  d e s c r ip t io n s  a r e  
g iv e n  of te s ts  w h ic h  w e r e  c a r r ie d  o u t o n  two f u l l  s c a le  
ro o f s y s t e m s  to d e t e r m in e  t h e  d e g re e  of a c c u r a c y  betw een  
t h e o r e t ic a l a n d  e x p e rim e n t a l r e s u lt s  on p r a c t ic a l  
s t r u c t u r e s .
T h e  p ro to typ e te s t  s t r u c t u r e s  w e re  a te n  p y ra m id  
s t r e s s - s k in  s p a c e  g r id  a n d  a t w e n t y -o n e  p y ra m id  s t r e s s e d -  
s k in  b a r r e l  v a u lt .
6 . 2  D e s c r ip t io n  of s t r e s s e d - s k in  s p a c e  g r id
T h e  p r o p o r t io n s  of t h e  id e a liz e d  te st p y ra m id s  of 
t h e  s p a c e  g r id  w e r e  t h e  s a m e  a s  t h o s e  g iv e n  in  F ig . 2 . 1, 
w ith  t h e  le n g t h  of o n e  s id e  of t h e  b a se  e q u a l to 2 7 . 5 0 i n .
T h is  g a v e  a p la n  a re a  c o v e re d  by o n e  p y ra m id  e q u a l to 
1 3 .6 3  f t . 2 .
T h e  a p e x e s of t h e  p y ra m id s  w e r e  t r u n c a t e d  to a llo w  
t h e  s e a t in g  of t h e  apex c o n n e c t o r ,  s e e  F ig . 2 . 2  (a ),a n d  
t h e  p la te  w id th  at t h e  p la n e  of t r u n c a t io n  w a s 4 . 0  in .
A  2 in .  f la n g e  p ro t r u d e d  v e r t ic a lly  fro m  t h e  s ix  s id e s  of 
t h e  b a se  to a llo w  t h e  in t e r c o n n e c t io n  of t h e  p y ra m id s  
a r o u n d  t h e  p e r im e t e r s .  T h e  u n it s  w e re  m ade by th e  
c o n t a c t  p r o c e s s  fro m  B a k e iit e  H e t -a c id  t r a n s l u c e n t  r e s in  
a n d  l \  o z/ft. t r a n s l u c e n t  ch o p p e d  s t r a n d  m at. T h e  
a v e ra g e  r e s in  to g la s s  ra t io  w as a p p ro x im a te ly  7 5 /2 5  
by w e ig h t in  t h e  s u p p o r t  p y ra m id s  a n d  6 6 /33 by w e ig h t in  
t h e  o t h e r  p y r a m id s . T h e  a v e ra g e  t h ic k n e s s e s  of th e  
p y ra m id s  w e r e  g iv e n  in  S e c t io n  5 .4 ,  w ith  t h e  v a lu e s  of 
P y r a m id  4  s im i l a r  to t h e  s u p p o r t  p y ra m id s  a n d  t h o s e  of 
P y r a m id  2 s im i l a r  to th e  r e m a in in g  o n e s . T h e  m e c h a n ic a l  
p r o p e r t ie s  a n d  t h e  te s ts  by w h ic h  th e y  w e re  d e t e rm in e d  
a r e  g iv e n  in  A p p e n d ix  2.
T h e  te n  p y ra m id s  of t h e  s p a c e  g r id  w e r e  a r r a n g e d  
in  a c e n t r a l  ro w  of f o u r ,  f la n k e d  by two ro w s of t h r e e  
e a c h .  T h is  i s s h o w n  in  F ig . 6 . 1 .  In  t h e  n o ta tio n  
u s e d  fo r  id e n t if y in g  m e m b e rs, c a p ita l le t t e rs  r e p r e s e n t e d
Q u a d r a n t  I — ■—— —
_  i 3 "
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Fig.  6 - f  T ^ n  p y r a m i d  S u p p o r t e d  a t  p o i n t  &
Q u a d r o n i  3 Q u a d ra  n t  2.
t h e  n o d e s at t h e  p y ra m id  a p e x e s in  t h e  t h r e e - w a y  g r id  
la y e r  a n d  t h e  f ig u r e s  r e p r e s e n t e d  t h e  n o d e s of th e  
h e x a g o n a l g r id  la y e r .  T h e  s t r u c t u r e  w a s d iv id e d  in to  
f o u r  q u a d r a n t s  by t h e  two p la n e s  of s y m m e try .
T h e  f o u r  s u p p o r t  p o in ts , B, g a v e  a lo n g it u d in a l
sp a n  of 7 ft. -  1 1 1  in .  a n d  a t r a n s v e r s e  s p a n  of 6  ft. - 1 0 ?  in
T h e  m e m b e rs  w h ic h  jo in e d  t h e  a p e x e s o f t h e
p y ra m id s  to fo rm  t h e  t h r e e - w a y  g r id  la y e r  w e r e  1  in .
d ia m e te r, 14 S W G , H V 2 0 - W P  a lu m in iu m  tu b e , w ith  a
2
c r o s s  s e c t io n a l a r e a  o f 0 . 2 2 9 9  in .  T h e  apex c o n n e c t o r  
d e ta il is  s h o w n  in  F ig . 6 . 2  . It w as fo rm e d  by t h r e e  
a lu m in iu m  a llo y  p la te s  of 6  in .  d ia m e te r. S ix  e q u a lly  
sp a c e d  3 /8  in .  d ia m e t e r  h o le s  w e r e  d r il le d  t h r o u g h  p la te s  
1 a n d  2, w ith  p la te  3  tapped to a cc e p t t h e  t h r e a d  of t h e  
5 /1 6  in .  d ia m e t e r  b r ig h t  ste e l c o n n e c t in g  b o lts.
A d ja c e n t  p y ra m id  f la n g e s  w e re  fa s t e n e d  to g e th e r  
by f iv e  I  in .  d ia m e t e r  a lu m in iu m  b o lts, 1  in .  lo n g .
T h e s e  w e r e  s p a c e d  s y m m e t r ic a lly  a b o u t t h e  f la n g e  c e n t r e  
at 6  in .  c e n t r e s .  O n e  in c h  d ia m e te r a lu m in iu m  w a s h e r s  
w e re  u s e d  to r e d u c e  t h e  s t r e s s  c o n c e n t r a t io n  a r o u n d  t h e  
bolt h o le s .
O l u r n i n i o t n ? 
a l l o y  p l a t e
J L w h i t ,  2 " l o n g ,  c s k .  h e a d  _ /
J>n a l u m i n i u m  o l l o y  p l a t e  _____
/fc G R P  p y r a m i d  a p e x -  
^  aluminium alloy plate  ---------
S e c t i o n  A - A
F i g .  f > . 2  5 p a c e  g r i d  a p a x  c o n n e c t o r  d e t a i l .
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T h e  total dead w e ig h t  of t h e  s t r u c t u r e  w a s
2
a p p ro x im a te ly  1 . 1  lb /ft. .
6 . 3  D e s c r ip t io n  of te st s e t - u p
T h e  s t r u c t u r e  w a s te ste d  in  t h e  in v e r t e d  p o s it io n  
s h o w n  in  F ig . 6 .1  b e c a u s e  both th e  s u p p o r t  a n d  lo a d in g  
a p p a ra t u s  w e r e  le s s  c o m p le x  w ith  t h is  s e t - u p .
A n  e q u iv a le n t  u n if o r m ly  d is t r ib u t e d  load o n  t h e  
p la n  a re a  w a s a p p ro x im a te d  by a sy ste m  of p o in t  loads  
a p p lie d  at t h e  n o d e s  of t h e  h e x a g o n a l g r id  la y e r .  T h e  
total u n if o r m ly  d is t r ib u t e d  load on e a c h  p y ra m id  w a s  
d iv id e d  in to  s ix  e q u a l p o r t io n s ,  P, o n e  e a c h  of w h ic h  w as  
a t t r ib u t e d  to th e s n o d e s  of t h e  h e x a g o n a l b a se . A  n o d e  
w h ic h  w a s at t h e  ju n c t io n  of m e m b e rs  of o n ly  o n e  p y ra m id  
c a r r ie d  a load P; o n e  w h ic h  w as lo ca ted  w h e r e  two p y ra m id s  
m et c a r r ie d  2 P ; a n d  a load of 3 P  w as a p p lie d  at t h e  j u n c t io n  
of t h r e e  p y ra m id s .
F iv e  lo a d in g  c a s e s  w e r e  in v e s t ig a te d .
C a s e  1; U D L 9 . 7  lb /ft. o n  t h e  w h o le  s t r u c t u r e ,  P = 2 2  lb.
C a s e  2: U D L 1 4 . 5  lb /ft. o n  th e  w h o le  s t r u c t u r e ,  P = 3 3  lb.
C a s e  3: U D L 1 7 .6  lb /ft . 2  o n  th e  w h o le  s t r u c t u r e ,  P = 4 0  lb.
C a s e  4: 1 0 0  lb. at n o d e s  2, 5, 6  a n d  8  in  a ll  f o u r  q u a d r a n t s .  
T h e s e  f o u r  load c a s e s  h a d  both v e r t ic a l  a n d  h o r iz o n t a l
lo n g it u d in a l  r e a c t io n s  at s u p p o r t  p o in ts  B. T h is  s im u la t e d
t h e  ro o f s u p p o rt e d  on two p a r a lle l  w a lls .
C a s e  5: 1 4 . 5  lb /ft . 2  o n  w h o le  s t r u c t u r e ,  P = 3 3  lb, w ith
v e r t ic a l  r e a c t io n s  o n ly  at t h e  s u p p o r t  p o in ts  B.
T h is  s u p p o r t  c o n d it io n  s im u la t e d  t h e  ro o f sy s te m  m o u n te d
on s le n d e r  c o lu m n s .
D e ta ils  of t h e  two s u p p o r t  s y s te m s  a r e  s h o w n  in  
F ig . 6 . 3  . D o u g la s  F i r  w ood b lo c k s, 3 ?  in .  c u b e , w e re  
bolted to t h e  o u t e r  ape x c o n n e c t o r  p la te s by a f  in .  
d ia m e t e r  s te e l bolt, 4 ?  in .  lo n g . T h e  b lo c k s  w e re  
r e c e s s e d  to a llo w  t h e  w a s h e r  a n d  n u t  to l ie  in s id e  th e  
s u p p o r t in g  s u r f a c e .  F o r t h e  f i r s t  s u p p o r t  c o n d it io n ,
F ig . 6 . 3  (a), t h e  e n d  of t h e  bolt e x te n d in g  b e yo n d  th e  wood  
b lo c k  fitte d  in to  a m a c h in e d  s lo t  in  a 3 in .  x 1 ?  in .  x  12 in .  
ste e l b a r. T h is  w a s bolted to a 12 in .  x  6?  in .  B . S . b e a m .  
T h e  s u r f a c e  betw een t h e  w ood b lo c k  a n d  t h e  ste e l b a r w as  
g re a s e d  to r e d u c e  f r ic t io n .
TdicO ravert to t h e  s e c o n d  s u p p o rt  sy ste m  (F ig . 6 . 3  (b)) 
c i r c u l a r  b a l l- r a c e s ,  3  in c h e s  in  d ia m e te r, w e r e  in s e r t e d  
betw een ste e l p la te s . T h e y  w e r e  p la ce d  u n d e r  t h r e e  of t h e  
f o u r  s u p p o r t  p o s it io n s .  S u p p o rt  B, q u a d r a n t  4, r e m a in e d  
as b e fo re , r a is e d  by 5 /1 6  in .  to b r in g  it le v e l w ith  t h e  
o t h e r  t h r e e  p o s it io n s .  To m a in t a in  t h e  s t a b ilit y  of t h e
S o e  d e t a i l  A
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F i g .  6 . 4  S p r i n g  b a l a n c e  l o a d i n g  s y s t e m .
s t r u c t u r e ,  ste e l g u id e  b a r s  w e re  c la m p e d  o n  e it h e r  s id e  
of t h e  s u p p o r t  p la te s  of q u a d r a n t  1  to r e s t r a in  th a t  
s u p p o r t  fro m  m o v e m e n t in  t h e  t r a n s v e r s e  d ir e c t io n .
T h e  lo a d s w e r e  a p p lie d  by a sy ste m  u s in g  s p r in g  
b a la n c e s  of 1 1 2 1 b . c a p a c it y . A  typical s e t - u p  is  s h o w n  
in  F ig . 6 .4 .  At in t e r n a l  n o d e s  n e a r  t h e  c e n t r e  of t h e  
g rid , it w a s n e c e s s a r y  to p la c e  t h e  s p r in g  b a la n c e s  
betw een t h e  p u lle y  a n d  t h e  t u r n b u c k le s  to a llo w  a c c e s s  
f o r  r e a d in g  t h e la p p lie d  load. A  c h e c k  w as m ade to 
d e t e r m in e  t h e  lo s s  of a n y  load d u e  to f r ic t io n  in  t h e  
p u lle y  b u t t h is  w a s n e g lig ib le  (1 lb .m a x im u m ). T h e  
t w n b u c k l e  w as o p e n e d  to its  f u l l  le n g th  a n d  t h e  f i r s t  
p o rtio n  of t h e  load w a s a p p lie d  by d ro p p in g  a l in k  of t h e  
c h a in  o v e r  t h e  t u r n b u c k l e  h o o k . F u r t h e r  load w as t h e n  
a p p lie d  by s h o r t e n in g  t h e  t u r n b u c k le .  T h e  te st s e t - u p  
is  s h o w n  in  F ig . 6 . 5  a n d  a c lo s e - u p  of th e  s p r in g  b a la n c e  
lo a d in g  sy ste m  is  s h o w n  in  F ig . 6 . 6 .
T h e  lo a d in g  p r o c e d u r e  w as a s  fo llo w s . F o r e a ch  
load c a s e , t h e  s t r u c t u r e  w a s f i r s t  loaded to t h e  r e q u ir e d  
a m o u n t  a n d  a llo w e d  to r e m a in  u n d e r  load f o r  1  h o u r .
T h is  w a s in t e n d e d  to a llo w  a n y  m o v e m e n t in  t h e  jo in t s  to 
take p la c e . T h e  s t r u c t u r e  w as t h e n  a llo w e d  to r e c o v e r
. 6 - 5  S t r e s s e d - s k i n  s p a c e  g r i d  p r e p a r e d  f o r  l o a d i n g
6.6 De+ail of load sysfem.
1 8 7
f o r  a m in im u m  of 17 h o u r s .
T h e  a c t u a l te st lo a d in g s  w e re  c a r r ie d  o u t  in  t h e
f o llo w in g  m a n n e r .  T h e  e x a m p le  g iv e n  h e r e  is  th a t
of C a s e  2. T h e  in it ia l  load s w e re
4 5  lb on n o d e s  8 , 6 , 5
3 0  lb o n  n o d e s 7, 2
15 lb o n  n o d e s 9, 3, 4, 1
T h e  o r d e r  of a p p lic a t io n  w a s a s  g iv e n  above, r e a d in g
fro m  r ig h t  to left, top to bottom . T h e  lo a d s w e re
a p p lie d  to n o d e s  8 , b e g in n in g  at q u a d r a n t  1  a n d
c o n t in u in g  to q u a d r a n t  4, t h e n  on to t h e  n e x t  n o d e.
Load w a s a p p lie d  to n o d e  6 , b e g in n in g  at q u a d r a n t  4  a n d
r e t u r n in g  to q u a d r a n t  1 in  t h e  r e v e r s e  o r d e r .  T h is
p r o c e d u r e  w a s c o n t in u e d  t h r o u g h o u t  t h e  load  r a n g e  in  a n
attem pt to keep t h e  load a p p lic a t io n  a s  u n if o r m  a s p o s s ib le .
T h e  lo a d s at n o d e s 8 , 6  a n d  5 w e re  in c r e a s e d  t h r o u g h  6 0  lb,
75,1b, 9 0  lb to 99 lb. T h e  lo a d s on th e  o t h e r  n o d e  g r o u p s
w e r e  a ls o  in c r e a s e d  t h r o u g h  in c r e m e n t s  of s im i la r
p r o p o r t io n s .  T h e  s t r u c t u r e  w as t h e n  a llo w e d  to r e m a in
loaded f o r  1 h r  -  5  m in .  a ft e r  t h e  f in a l  load in c r e m e n t
to a llo w  t h e  m a jo r  p o rt io n  of a n y  c r e e p  in  t h e  G R P  c o m p o n e n t s
to ta k e  p la c e . T h e  lo a d s in  t h e  s p r in g  b a la n c e s  w e re  g iv e n
a f in a l  a d ju s t m e n t  b e fo re  s t r a in  o r  d e fle c t io n  r e a d in g s  w e re
t a k e n . T h is  w as a m a x im u m  of 5  p e r c e n t  of t h e  total load.
W h e n  a ll  data h a d  b een  re c o rd e d , t h e  load w a s r e le a s e d  
a n d  t h e  s t r u c t u r e  w a s left u n lo a d e d  f o r  b etw een  17 a n d  
2 2  h o u r s  b e fo re  t e s t in g  w a s r e s u m e d . Two lo a d in g s  w e re  
c a r r ie d  o u t  f o r  e a c h  load c a s e  e x cep t %  T h e  17. 6  lb/ft. 
lo a d in g  r e q u ir e d  t h e  a d d itio n  of e x tra  w e ig h t s  to a ll  
n o d e s at t h e  j u n c t i o n s  of t h r e e  p y ra m id s  to b r in g  th e m  
u p  to 1 2 0  lb. T h is  r e q u ir e d  c r a w lin g  in t o  t h e  v e r y  
c o n f in e d  s p a c e  u n d e r  t h e  load fr a m e  to add a n d  re m o v e  t h e  
w e ig h ts  at t h e  b e g in n in g  a n d  e n d  of t h e  te s t  r e s p e c t iv e ly .  
T h e r e f o r e ,  o n ly  o n e  lo a d in g  w as c a r r ie d  o u t  f o r  C a s e  3. 
R e c o r d in g  of data
E le c t r ic  r e s is t a n c e  s t r a in  g a u g e s  ( T in s le y  Type  
16 B ) w e re  u s e d  to m e a s u r e  t h e  s t r a in  in  a ll  t h e  a lu m in iu m  
t u b e s  w h ic h  la y  in  q u a d r a n t  2. T h e  g a u g e s  w e re  p la c e d  at 
t h e  c e n t r e s  of t h e  m e m b e rs, both top a n d  bottom . C h e c k  
g a u g e s  w e re  p la c e d  on t h e  top of two m e m b e rs  of q u a d r a n t  1  
a n d  o n e  m e m b e r of q u a d r a n t  3  to d e t e r m in e  t h e  r a n g e  of 
s t r a in  v a lu e s  in  t h e  w h o le  s t r u c t u r e  w ith  re s p e c t  to t h o s e  
in  q u a d r a n t  2. R e f e r r in g  to F ig . 6 .1 ,  m e m b e rs  g a u g e d  in  
q u a d r a n t  2 w e r e  A - B ,  A - C ,  C - C ,  B -C ,  B - D a n d C - D , ,
T h e  c h e c k  g a u g e s  w e r e  o n  m e m b e rs  A - B  a n d  B - C  in  q u a d r a n t  1,
a n d  on m e m b e r B - D  in  q u a d r a n t  3. O n ly  two g a u g e s  w e re  
u s e d  on th e  G R P  p y ra m id s  b e c a u s e  t h e  v a r ia t io n s  in  
t h ic k n e s s  a n d  r e s in / g la s s  ra t io  h a d  too g re a t  a n  in f lu e n c e  
on t h e  re co rd e d  s t r a i n s  fo r  th e m  to be of v a lu e .  T h e s e  
g a u g e s  w e re  p la c e d  h a lf - w a y  a lo n g  m e m b e r B - 6 . T h e y  
w e r e  1 in .  fro m  t h e  ju n c t io n  on p late B - 6 - 7 ,  a n d  w e re  
u s e d  to d e t e r m in e  if  a n y  b e n d in g  o c c u r r e d  in  t h e  re g io n  
of th e  j u n c t io n .
A  P e e k e l e x t e n s io n  box, type 2 3 u , a n d  a P e e k e l  
t r a n s is t o r iz e d  s t r a in  in d ic a t o r ,  type T 2 0 0 ,  w e r e  u s e d  
to r e c o r d  th e  s t r a in  r e a d in g s .
V e r t ic a l  d e f le c t io n s  of t h e  n o d e s w e r e  m e a s u re d  by  
c a t h e t o m e t e rs  r e a d in g  o n  ta rg e t s  b t  a ll sta b le  p o in ts  in  
t h e  h e x a g o n a l g r id  la y e r  ex ce p t n o d e  9, w h ic h  w as  
in a c c e s s ib le  fro m  th e  r e c o r d in g  p o s it io n s .  T h e  s a m e  
m e th o d  w a s u s e d  fo r  n o d e s  in  t h e  t h r e e - w a y  g r id  la y e r
at a li  lo c a t io n s  ex ce p t A, w h e r e  d ia l g a u g e s  w e r e  u s e d .
+
T h e  c a t h e t o m e t e rs  w e re  re a d  to -  0 . 0 0 5  cm , a n d  th e  
a c c u r a c y  of t h e  d ia l g a u g e s  w as 0 . 0 0 1  in .  p e r  d iv is io n .
T h e  o r d e r  u s e d  in  r e c o r d in g  t h e  data w a s a s  
fo llo w s . T h e  s t r a in  r e a d in g s  w e re  r e c o rd e d  f ir s t .
T h is  r e q u ir e d  a b o u t 1 0  m in u t e s  tim e . T h e n  t h e  
d e fle c t io n s  w e r e  re c o rd e d , b e g in n in g  at q u a d r a n t  1  a n d
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p ro c e e d in g  in  o r d e r  to q u a d r a n t  4. T h e  total t im e  
r e q u ir e d  f o r  t h e  r e c o r d in g  of t h e  d e f le c t io n s  w a s  
a p p ro x im a t e ly  o n e  h o u r .  T h is  t im e  la p s e  betw een  
t h e  r e c o r d in g  of t h e  f i r s t  a n d  la s t  d e fle c t io n  r e a d in g s  
a ffe cte d  t h e  te st r e s u lt s ,  a n d  t h is  is  d is c u s s e d  in  
C h a p t e r  7.
6 . 5  D e s c r ip t io n  of s t r e s s e d - s k in  b a r r e l  v a u lt
P y r a m id s  of t h e  s a m e  p ro p o r t io n s  w e r e  u s e d  in  
t h e  b a r r e l  v a u lt  s y s te m . H o w e v e r, in  o r d e r  to f it  t h e  
in t e r c o n n e c t e d  u n it s  to a c y l in d r i c a l  s u r f a c e ,  it w as  
n e c e s s a r y  to m o u ld  t h e  p y ra m id s  to a d e fo rm e d  s h a p e ,  
k e e p in g  t h e  p r o p o r t io n s  of t h e  w a lls  c o n s t a n t .  T h e  
“ j u n c t io n s  of t h e  p y ra m id  w e r e  a s s u m e d  to be p e rfe c t  
h in g e s .  T h e  r e la t iv e  m o v e m e n ts  of t h e  jo in t s  w e re  
c a lc u la t e d  w it h  re s p e c t  to t h e  v e r t ic a l  d e fle c t io n  of two 
o p p o site  c o r n e r s  of t h e  b a s e  a s  t h e  two f la n k in g  
p a r a lle l  s id e s  w e re  b r o u g h t  to g e th e r. To c a lc u la t e  
t h e s e  r e la t iv e  m o v e m e n ts  t h e  o r ig in  o f  t h e  c o o r d in a t e  
sy s te m  w a s a s s u m e d  to be at o t h e  apex of t h e  p y ra m id ,  
a s s h o w n  in  F ig . 6 . 7 .  T h e L e fo re ,
~r ^  2 2 a.o f  =  + <jf  +  z f
O C X . =  -xf*■ i f f  + -Z.
( 6 . 1)
B e f o r e  d e f o r m a t i o n
( 6 . 2 )
a n d  a ft e r  d e fo rm a tio n ,
S .  a  S u  ~  O
(6 .3 )
(6 .4 )
T h e  v a lu e s  of S y  , S z 4  , ^ a n d  w e r e  a ll  u n k n o w n ,  
a n d  f o u r  r e la t io n s h ip s  h a d  to be fo u n d  to s o lv e  fo r  th e m .  
D if f e r e n t ia t in g  E q s. (6 . 1 )  a n d  d iv id in g  t h r o u g h  by 2  
p ro v id e d  two r e la t io n s h ip s ,
A g a in  d if f e r e n t ia t in g  a n d  d iv id in g  t h r o u g h  by 2,
%)•-£ ( z * - Z f )  Z ( u ~ Z f )
T h e  f o u r t h  r e la t io n s h ip  is  p ro v id e d  by Eq. ( 6 . 4 ) .  T h e  
s o lu t io n  of t h e  f o u r  e q u a t io n s  (6 .4 ),  (6 .5 ),  (6 . 6 ) a n d
(6 .7 )  m a k in g  u s e  of t h e  r e la t io n s h ip s  (6 . 2 ) a n d  (6 .3 )
(6 .5 )
O  -  Xa 6 x a +■ %  cT,ra -h Z a 4 +
A ls o , s in c e  t h e  d is t a n c e  fa  r e m a in s  c o n s t a n t ,
f a = (  + ( z ^ - Z f f f
( 6 . 6 )
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g iv e s  t h e  u n k n o w n  d e f le c t io n s  in  t e rm s  of A  •
S x a =  |  KA
3
£ « ,  =* -  2  2 4
^  3 f S  
S z « = t  -  J - A
5 21
w h e r e
_ p
L
T h e  d e fle c te d  s h a p e  o f t h e  p y ra m id  w ith  p r o p o r t io n s  
K = \ i s  g iv e n  by t h e  dotted o u t lin e  in  F ig . 6 .7 ,  
r e la t iv e  to t h e  b a se  of t h e  u n d e fo rm e d  p y ra m id .
T h e  v a lu e  of A  r e q u ir e d  to f it  th e  p y ra m id  to 
a n y  s p e c if ie d  r a d iu s  of c u r v a t u r e  w as t h e n  d e te rm in e d .  
R e f e r r in g  to F ig . 6 . 8 ,
Y  =  H i  -  Z .  2 4  =  9 L  - 4 K A
2  3)13  &V3
T h e  r e la t io n s h ip  betw een R j ,  t h e  r a d iu s  of c u r v a t u r e  
to w h ic h  t h e  h e x a g o n a l p y ra m id  is  fo rm e d , a n d  A  , 
is  fo u n d  fro m  t h e  e x p r e s s io n ,
y 2 + ( r - a ) *
( 6 . 8 )
(6 .9 )
k p =  |  B r  + e
s p e c i + i c
F i g .  (o ' l  D e t o r m a t i o n r e l a t i o n s h i p s  - fo r  b a r r e l  v a u l t  p y r a m i d s .
1
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Fiff. (0 . 8  N o ta t io n  u s e d  f o r  d e r i v a t i o n  a t  e x p r e s s i o n  ( 6 . S ) .
E x p a n d in g  (6 .9 ),  s u b s t it u t in g  th e  v a lu e  of Y  g iv e n  by
(6 . 8 ), a n d  r e a r r a n g in g  t h e  t e rm s ,
= A  f f e  + 2 .  K z ]  +  1  f f  _  K L  (6 .
L 2- 27 J  8  A 3
T h e  v a lu e  of A  f o r  a n y  g iv e n  r a d iu s  of c u r v a t u r e  w as  
t h e n  d e t e rm in e d  by s o lv in g  Eq. ( 6 . 1 0 )  by t r ia l  a n d  
e r r o r  m e th o d s.
T h e  d e fo rm e d  p y ra m id s  w e re  m ade fro m  p o ly e s t e r  
r e s in  (B a k e lit e  g e n e r a l- p u r p o s e  type S R  1 9 0 3 7 A )
2
r e in f o r c e d  w ith  c h o p p e d  s t r a n d  m at (F ib e r g la s s  2 o z/ft. , 
type FGE 2 0 0 0 ) .  T h e  c o n t a c t  p r o c e s s  u s e d  to m o u ld  t h e  
u n it s  is  d e s c r ib e d  in  A p p e n d ix  1. T h e  r e s in  to g la s s  
ra t io  w a s 2 . 0  -  0 . 5  : 1 by w e ig h t. T h e  a v e ra g e  
t h ic k n e s s  m e a s u r e m e n t s  a n d  t h e  w id th  of o v e r la p  a r e  
g iv e n  below .
t = 0 . 0 1 5  in .
t ' = 0 . 1 2 6  in .
t "  = 0 . 0 8 4  in .
w  = 1 . 0  in .
D e ta ils  of t h e  m o u ld e d  d e fo rm e d  p y ra m id  a r e  g iv e n  in
F ig . 6 .9 .  T h e  r e s u lt s  of te s ts  f o r  t h e  m e c h a n ic a l
p r o p e r t ie s  a r e  g iv e n  in  A p p e n d ix  2.
2 1 . 5 0 --------►
5610 -Ss>
156.8°
S e c F /o rc  A —A S e c f i o n  B - 6
F i g .  6 ' ^  D i m e n s i o n s  o f  d e f o r - m e ^ f  p y r a m i d .
T h e  te s t  s t r u c t u r e  c o n s is t e d  of t h r e e  bays of 
s e v e n  p y ra m id s  e a c h . T h e  p y ra m id s  w e re  i n t e r ­
c o n n e c t e d  at t h e  b a s e s  in  t h e  s a m e  m a n n e r  a s  th e  
s p a c e  g r id  to fo rm  a n  in t e r n a l  h e x a g o n a l g r id  la y e r ,  
a n d  at t h e  a p e x e s by t h e  t h r e e - w a y  t u b u la r  g r id  la y e r.
T h e  s t r u c t u r e  is  s h o w n  d u r in g  p re p a ra t io n  f o r  t e s t in g  
in  F ig . 6 . 1 0 .
A  s im p lif ie d  a n d  m o re  e f f ic ie n t  a pe x c o n n e c t o r  
w as adopted a n d  t h e  c o m m e r c ia lly  a v a ila b le  T r io d e t ic  
sy ste m  w a s u s e d  in  a fo rm  m o d ifie d  to a cco m m o d a te  th e  
t r u n c a t e d  a p e x e s of t h e  p y r a m id s . A  d e ta il of t h e  
c o n n e c t o r  is  s h o w n  in  F ig . 6 .1 1 .  O n ly  o n e  bolt w as  
n e c e s s a r y  to s e c u r e  t h e  c o m p le te  jo in t .
T h e  t u b u la r  m e m b e rs, a lt h o u g h  of th e  s a m e  1 in .  
o u t s id e  d ia m e t e r  a s  t h o s e  u s e d  in  t h e  s p a c e  g r id ,  w e re  
c h o s e n  w ith  a 0 . 0 6 4  in .  w a ll t h ic k n e s s  (16  S W G  ) to 
s a t is fy  t h e  r e q u ir e m e n t s  f o r  c o in in g  of t h e  m e m b e r e n d s  
to f it  t h e  g ro o v e d  s lo t s  of t h e  T r io d e t ic  h u b s .  T h e  m e m b e rs  
w e r e  N S 4  se a m  w e ld e d  t u b e s .
T h e  co m p le te d  b a r r e l  v a u lt  h a d  a r is e  to sp a n  ra t io  
of 0 . 4 7 7 ,  w ith  a n  e x t e r n a l r a d iu s  of 1 0  ft -  0  in .  a n d  
a s t r u c t u r a l  depth of 1 ft. -  0  in .  T h e  o v e r a ll  le n g th

1 9 8
3.'\jhi+ bolt, hex, head , 3 "  ( 0 0 3  .
® / H ##
‘2. diet, u t a s h e r , ~ t h i c k .
tu b e  uiith end co ined  to  "fit 
~~ T r io d e tie  h u h .
G R P  p ^ r q m i d  a p e x . .
5  e c t  i o n  A - A
F i g .  6 .  H  D e t a i l  o f  a p e x  c o n n e c t o r  f o r  b a r r e l  v a u l t  s t r u c t u r e . .
of t h e  t h r e e  bays w a s 11 ft. -  8  g  in .  T h e  dead w e ig h t  
of t h e  s t r u c t u r e  w a s a p p ro x im a te ly  1 . 0  lb /ft. of p la n  
a re a .
6 . 6  D e s c r ip t io n  of T e st S e t - u p
T h e  s t r u c t u r e  w a s te ste d  u n d e r  a u n if o r m ly
2
d is t r ib u t e d  load  of 15 Ib /ft. o v e r  t h e  total p la n  a re a .
T h is  w a s a p p ro x im a te d  by p o in t  load s a p p lie d  at a ll  th e  
n o d e s above t h e  s u p p o r t s .
T h e  lo a d in g  a r r a n g e m e n t  is  s h o w n  in  F ig . 6 .1 2 .
Load w as a p p lie d  by c la y  b u ild in g  b r ic k s  w h ic h  h a d  been
in d iv id u a l ly  w e ig h e d . T h e s e  w e re  sta c k e d  on t im b e r
p la tfo rm s , e a c h  s u s p e n d e d  on f o u r  f le x ib le - w ir e  ro p e s
w h ic h  p a s s e d  t h r o u g h  m etal b ra c k e t h a n g e r s  fa s t e n e d
at t h e  n o d e s . T u r n b u c k le s & a t  t h e  p la tfo rm  e n d  of e a c h
w ir e  ro p e  a llo w e d  a d ju s t m e n t  fo r  le v e ll in g .  T h e s e
p la t fo rm s  re s te d  o n  a s u p p o r t in g  sy ste m  of s te e l b eam s
a s s h o w n  in  F ig . 6 . 1 3 .  T h e  m a in  b eam s of t h e  sy ste m
w e r e  s u p p o rt e d  by f o u r  l f f o n  h y d r a u lic  ja c k s .  N e a r
f u l l  e x t e n s io n  of t h e  ja c k s ,  t h e f o t a i  load w a s c a r r ie d
by t h e  sy ste m  of ste e l b e a m s. W h e n  t h e  ja c k s  w e re
re le a s e d , t h e  s u p p o r t  sy s te m  w as lo w e re d  a n d  t h e  _ '
p la t fo rm s  h u n g  f r e e ly  fro m  t h e  te st s t r u c t u r e .  T h e  1
1 9 9  i
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F r fg .  6 .1 2 .  L o a d i n g  p l a t f o r m s  -for s t r e s s e d  - s fc i* ,  
b a r r e l  v a u l + .
Quadra rit 4 Q u a d r a n t  L
CIRC. 6-7 CONST. 
GALVANISED WIRE
TIMBER PLATFORMS
L GALVANISED WIRE
TURNBUCKLFS
RSJ 1 6 x 3 x 1 2 '
UB 12x5x25
JACK
u hhniimmzumTm
Q u a d r a n t  3  D l  A M  \ I \ C \ K I  Q u a d r a n t  ZP L A N  V I E W
L O A D  P L A T F O R M S  S H O W N  F O R  H A L F  S T R U C T U R E  
O N L Y  F O R  T H E  S A K E  O F  C L A R I T Y
F R O N T  E L E V A T I O N
9 . £ . 1 3  D e t a i l s  o f  l o a d i n g  a r r a n g e m e n t  f o r  s t r e s s e d - s l c i n *  
b a r r e l  v a u l t  t e s t  s t r u c t u r e . .
total n u m b e r  of n o d e s loaded w as 72. N odes n o t s h o w n  
w ith  p la t fo rm s  in  F ig . 6 . 1 3  w e r e  loaded by w e ig h ts  
s u s p e n d e d  o n  h a n g e r s .
Load w a s a p p lie d  in  a p p ro x im a te ly  1 0  s e c .  a n d  
data w a s r e c o r d e d  1 h r .  +-  5  m in . la t e r. T h e  s t r u c t u r e  
w as t h e n  u n lo a d e d  f o r  a m in im u m  o f 17 h r .  b e fo re  f u r t h e r  
te s ts  w e r e  r e s u m e d . T h e  s t r u c t u r e  w a s tw ic e  loaded to 
15 lb /ft. on t h e  p la n  a re a  b e fo re  a n y  r e a d in g s  w e re  
ta k e n  to a llo w  a n y  m o v e m e n t in  t h e  jo in t s  to ta k e  p la c e .  
T h r e e  te st lo a d in g s  w e r e  t h e n  c a r r ie d  o u t.
T h e  s u p p o r t s  f o r  th e  b a r r e l  v a u lt  a r e  s h o w n  in  F ig .
6 .1 4  a n d  t h e  d e t a ils  a r e  s h o w n  in  F ig . 6 .1 5 .  T h e  
s t r u c t u r e  w a s c o n n e c t e d  to ste e l b ra c k e t s  b o lted  to th e  
b a c k s  of c h a n n e l s  15 in .  x  4  in .  x  3 7  Ib /ft. w h ic h  w e re  
in  t u r n  bolted to t h e  la b o ra t o ry  f lo o r  w ith  f  in .  d ia m e te r  
R aw b o lts, 6  in .  lo n g . T h e  c h a n n e l s  w e r e  c o n n e c t e d  
t o g e th e r  by a D e x io n - a n g le  t r u s s w o r k  to f u r t h e r  p r e v e n t  
h o r iz o n t a l  m o v e m e n t. T h e  p y ra m id s  o f t h e  o u t e r  bays  
w e r e  f i r s t  bolted to a 4  in .  x 2 in .  x  7 Ib /ft. c h a n n e l  
w h ic h  w as bolted to t h e  m a in  s u p p o rt  c h a n n e l s .
6 . 1 4  S t r e s s e d  -  s k i n  b a r r e l  v a u l +  s u p p o r t  s y s t e m .
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6 . 7  R e c o r d in g  of data
S t r a in s  w e r e  r e c o rd e d  u s in g  t h e  s a m e  typ e of 
a p p a ra t u s  as w a s d e s c r ib e d  fo r  th e  s t r e s s e d - s k in  s p a c e  
g r id .  A  total of 5 8  a c t iv e  g a u g e s  w e re  u s e d , 2 2  on t h e  
a lu m in iu m  t u b u l a r  m e m b e rs , a n d  36  o n  G R P . A  
d e v e lo p e d  q u a r t e r  s e c t io n  o f s y m m e t ry  s h o w in g  t h e  
jo in t  n u m b e r in g  sy s te m  is  g iv e n  in  F ig . 6 .1 6 . S u b s c r ip t s  
w e re  u s e d  to r e f e r  to t h e  q u a d r a n t  in  w h ic h  t h e  m e m b e r  
la y . T h e  g a u g e s  o n  t h e  a lu m in iu m  t u b u la r  m e m b e rs  
w e re  p la c e d  6  in .  fro m  t h e  e n d s , both top a n d  bottom .
T h e  m e m b e rs  g a u g e d  w e re  G ^ -J ^ , H ^ " ^ '  D 12 B 12'
B 1 2 ~ B 3 4  a n d  A 1 4 " ^ 1 '  M e m ^e r  H3 4 - F 3 4  w a s 9 a u 9 ecl
e n d  H o n ly , to s e r v e  a s  a c h e c k  on th e  s y m m e t ry  of t h e  m e m b e r
lo a d s.
T h e  g a u g e s  p la c e d  o n  t h e  p la s t ic s  w e r e  a ll  lo cated  
o n  w a ll (1 6 14 - I 6 2 3 - B 3 4 ). T h e  g a u g e s  w e r e  p ia c e d  a lo n g  t h e  
p r in c ip a l  s t r e s s  d ir e c t io n s  of t h e  p late  c e n t r e l in e  a n d  
ju n c t io n s ,  a s  s h o w n  in  F ig . 6 .1 7 .  T h e  g a u g e s  w e re  
p la c e d  o n  both t h e  top a n d  bottom s u r f a c e s  of t h e  w a il.
N in e  lo c a t io n s  w e r e  u s e d , two of w h ic h  s e r v e d  a s  c h e c k s  
on t h e  s y m m e t ry  of t h e  lo a d in g  a n d  t h e  a c c u r a c y  th a t
F i g .  6 .  l b  D e v e l o p e d  q u a r t e r  s e c t i o n  o f  s y m m e t r y  f o r  
S t r e s s e d  -  s k i n  b a r r e l  v q  n i t *
F i g  . 6 . 1 7 L o c a t i o n  o f  s t r a i n  g a u g e s  o n  p l a t e .  ^ 1 4 "  ^ z s "  ^
3 4 *
c o u ld  be e x p e cte d  fro m  s t r a in  re a d in g s  on a m a te ria l  
a s v a r ia b le  in  its  p r o p e r t ie s  a s G R P .
It w as d e c id e d  to g a u g e  t h e  G R P  p late  in  t h is  te st  
f o r  two r e a s o n s .  F ir s t ,  it w as n e c e s s a r y  to d e t e r m in e  
if t h e r e  w as b e n d in g  in  a p late  c a r r y i n g  t e n s io n  load s  
in  a p ro to typ e s t r u c t u r e .  T h is  w o u ld  i n f lu e n c e  th e  
a s s u m p t io n  th a t t h e  w h o le  of a p late  in  t e n s io n  w as  
a c t iv e . A n d  s e c o n d ly  it w a s n e c e s s a r y  to d e t e r m in e  if 
t h e  s t r e s s e s  n o r m a l to t h e  p la te  j u n c t io n  w e r e  n e g lig ib le  
in  t h e  p r a c t ic a l  s t r u q t g l ie y .
D e fle c t io n s  of t h e  s t r u c t u r e  w e re  a g a in  re c o rd e d  
w ith  c a t h e t o m e t e rs  s ig h t in g  on ta rg e ts  at as m a n y  n o d e s  
of t h e  c e n t r a l  bay a s  w e r e  a c c e s s ib le  fro m  f o u r  s t a t io n s .  
T h e s e  w e re
n o d e s 1 0 , 1 1 , 1 2  -  a ll  f o u r  q u a d r a n t s
13 -  q u a d r a n t s  3  a n d  4
14 -  q u a d r a n t s  1, 3  a n d  4
15 -  q u a d r a n t  1
16 -  q u a d r a n t  2  " 3
B -  q u a d r a n t  1 -  2
D -  q u a d r a n t s  1 -  2  a n d  3 -  4
F -  q u a d r a n t s  1 -  2 a n d  3  -  4
D e fle c t io n s  w e r e  a ls o  m e a s u r e d  at n o d e s A , . ,  A oa, C ,  a n d
14 23 1
D ia l g a u g e s  w e r e  p la c e d  at t h e  edges of t h e  
s u p p o r t  c h a n n e l s  h a lf  w ay betw een th e  e n d s , to se e  
if  t h e r e  w as a n y  ro ta tio n  in  t h e  t h e o r e t ic a lly  
'f ix e d ' s u p p o r t s .
A p p ro x im a te ly  2 0  m in s .  w e re  r e q u ir e d  to r e c o r d  
t h e  s t r a in  r e a d in g s  of t h e  b a r r e l  v a u lt  s t r u c t u r e .
T h e  d e fle c t io n  r e a d in g s  w e r e  t h e n  r e c o rd e d  in  th e  
fo llo w in g  o r d e r .
Q u a d ra n t s  3  a n d  4: 1 0 , F, 11, 12, 13, D, 1 4 .
Q u a d ra n t s  1 a n d  2: 1 0 , F, 11, 12, D, 14.
t h e n : A, B, 16, 15, C .
A p p ro x im a t e ly  o n e  h o u r  w as r e q u ir e d  to r e c o r d  th e  
d e fle c t io n s .  T h is  t im e  la p s e  w as a g a in  e v id e n t  in  t h e  
te st r e s u lt s  g iv e n  in  C h a p t e r  7.
C H A P T E R  7
C o m p a r is o n  of E x p e rim e n t a l a n d  T h e o r e t ic a l R e s u lt s
R e s u lt s  of te s ts  o n  s t r e s s e d - s k in  s p a c e  g r id
T h e  r e s u lt s  of s t r a in  r e a d in g s ,  c o r r e c t e d  f o r  g a u g e  
fa c to r, a n d  t h e  n o d a l d e fle c t io n s ,  c o r r e c t e d  f o r  s u p p o rt  
m o v e m e n t, a r e  g iv e n  in  A p p e n d ix  3, T a b le s  A  28 to A  37  
f o r  a ll load c a s e s .
T h e  c h e c k  g a u g e s  of m e m b e rs  A B j - C , , ,  a n d  
B 3 - D 2 3  g a v e  s t r a in  r e a d in g s  w h ic h  w e re  in  r e a s o n a b le  
a g re e m e n t  w ith  t h o s e  of m e m b e rs  in  q u a d r a n t  2  f o r  a ll  
load c a s e s  ex cep t C a s e  3. T h e  la r g e r  d e f le c t io n s  at t h e  
h ig h e r  lo a d in g  p ro b a b ly  c o n t r ib u t e d  to t h e  p o o r c o r r e la t io n  
in  t h is  in s t a n c e .
A ll b e n d in g  s t r a i n s  at t h e  c e n t r e s  of t h e  m e m b e rs  w e re  
s m a ll in  c o m p a r is o n  w it h  t h e  m a x im u m  a x ia l s t r a in s  b u t  
t h e y  w e re  e q u a l to o r  g r e a t e r  t h a n  t h e  a x ia l s t r a in s  of t h e  
m e m b e rs  c a r r y i n g  s m a ll lo a d s.
T h e  g a u g e s  on G R P  m e m b e r B - 6  sh o w e d  t h a t  t h o u g h t h e  
ju n c t io n  w as c a r r y i n g  h ig h  c o m p r e s s iv e  load s, t h e r e  w as  
v e r y  lit t le  e v id e n c e  of b e n d in g  p a r a lle l  to t h e  j u n c t io n .
T h e  d e f le c t io n s  f o r  a ll  load c a s e s  w e re  le a s t  in  
q u a d r a n t  1  a n d  in c r e a s e d  in  e a c h  s u c c e s s iv e  q u a d r a n t  
to a m a x im u m  in  q u a d r a n t  4 . A s  e x p la in e d  in  C h a p t e r  
6 , t h e  d e f le c t io n s  w e r e  r e c o r d e d  in  th e  o r d e r  of t h e  
q u a d r a n t s .  T h e r e f o r e  t h e  p ro b a b le  r e a s o n  fo r  t h is  
b e h a v io u r  w a s t h a t  t h e  s t r u c t u r e  c o n t in u e d  to d e fle c t  
u n d e r  load a s  t h e  r e a d in g s  w e r e  b e in g  t a k e n . A b o u t  
1 0  m in u t e s  w e r e  n e c e s s a r y  to r e c o r d  t h e  s t r a in  r e a d in g s ,  
a n d  a p p ro x im a te ly  I h o u r  w as r e q u ir e d  to ta k e  t h e  
d e fle c t io n  r e a d in g s .  T h is  m e a n t th a t  t h e  total t im e  in t e r v a l  
fro m  t h e  in it ia l  a p p lic a t io n  of load v a r ie d  betw een I h r ;  - 1 0  
m in . f o r  t h e  r e a d in g  of t h e  f i r s t  d e fle c t io n  in  q u a d r a n t  1  
to 2  h r . - lO  m in .  f o r  t h e  r e a d in g  of t h e  la s t  d e fle c t io n  of 
q u a d r a n t  4 . T h e s e  a r e  a p p ro x im a te  v a lu e s  a s  t h e  ex a ct  
tim e  fo r  t h e s e  o p e r a t io n s  w as n o t re c o rd e d .
T h e  r e s u lt s  of t h e  t h e o r e t ic a l a n a ly s e s  of t h e  s p a c e  
g r id  a r e  c o m p a re d  w ith  t h e  e x p e rim e n t a l data in  T a b le s
7 . 1  to 7 . 5 .
T h e  e x p e r im e n t a l r e s u lt s  of C a s e  1 in d ic a t e d  th a t t h e  
s t r u c t u r e  w as s t i l l  s h o w in g  s ig n s  of a d ju s t m e n t . T h e  
d e fle c t io n s  f o r  T e st 2 w e r e  a p p ro x im a te ly  2 0  p e r c e n t  le s s  
t h a n  t h o s e  of T e st 1. T h e r e f o r e  t h e  r e s u lt s  of T e st 2
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L 0 - 6 3 6 0  - 1 8 9 0 . 2 3 7 0 . 2 9 0 O ,  2 3 9 0 . 8 4 z 0 , 4 2 0
7 0 , 0 4 0 0 .  2 t  o O , 3 o 2 . 6 .  Z 3 J 0 . 2 8 5 O .  2 6 2 0  . 8 6 4
8 0 . 0 4 7 0 . 2 5 4 0 . 3 3 8 O. 3 8 4 O .407
C o m p a r i s o n  b e t c o e e m  - e x p e r i m e n t a l  on d  t h e o r e t i c a l  r e s u l t s
f o r  &+re s s  e d  -  s k i n  S p a c e  gr i e f s  CASE  4 - .
M a m  h e r  L o a d s - ,  p o s i t i v e  f e n s / b / i
M e m  h e r
T h e o r e t ic a f  m e m  h e r  Loads (1 6  J Ez -«.perim en + a 1 •: 
m e m b e r  loads (fyE A  -  / E A  - 3 E A -  4
^ I 2 ~  ® 2 2 2 3* 3 2 3 5 . 0 2  4 3 . 0 1 5 8 *  6
A ,x-  Crz - 3 9 6 .  <6 -  4 08>o - 4 / 6 . 0 - ~ Z 3 < 3 . 0
B 2 -  C , 2 3 8 9 . 1 3 8 6  c 3 8 3 . 0 3 7 6 . 0
O 0 O — 5 0 *  6
£ t z ~  C34 6 5 . 0 J 0 6 .0 / 3 S . O € 0 . 6
C i z -  D23 5 / . S 4 3 * 5 3 7 8 1 7 7 . 6
N o d e  c le  f / e c t /o v s  -  p o s i t iv e  dott)/?w ard
N o d e
T h e o r e t / c a l  D e t / e d / o n s  6'*) E x p e r i m e n t a l  c ( e f  i e d t ' & n s  ( t'm.)
e a - i E A - 3 E A - 4 Quad, /i Quad* 2. Q ua d *  3* Q u a d .  4
A O . 0 6 O O * 2 o 4 0 . 2 5 1 O. 3 2  / 0 . 4 7 4
B O 0 O O O 0 0  :-
c —— — — 0 * 2 2 6 0 . 2  5*7
x> 0 .  0 2 7 O* 0 7 S 0 . 1 2 2 . 0 / 4 9 0 . / 7 9
2 O  . 0 4 1 O * IIQ 0 .L6 0 0 * 7 7 8 O* 2 9 3 0 .  3 0 5 0 . 4 z g
5 0 . 0 3 S 0 . 1 4  Z 0 . 1 8 7 0 .  7 1 7 0*7 3 1 O * 2 7 7 0 * 3 2 3
6 0 . 0 7  4 0 . 0 9 7 0 . 1 4 7 0  . 16 7 0* 1 6 4 O. 1 7 7 0 * 2 7 6
7 O -  0 . o o 4 0 * 0 0 7 0 * 0 3 7 0 * 0 3 4 0* O 3 7 0 * 6 9 4
8  , 0 . 0 3 4 o . ( 4 - 7 0 . 2 1 7 O i 2 4 S 0 * 2 4 o
i'
* T A 3 L £  7 .  ST .*
C o m p a r t  s o n  b e f r c u G e i ?  e x p  d r i  m a n t a /  a n d  t h e o r e t i c a l /  i r e s u / t s ^ v .V + y  
f o r  s t r e s s e d -  s k i n  s p a c e .  < $ r i d -  C a g e  *5
M e m b e r  L o a d s  -  p o s i t i v e  f a n s / o n *
Member Theoretica l m e m b e r  Loads C/bJrfrjfi
Exp er 1 mGnt* I r
E A - t  . E A - 3 E/A - 4 .  v M em ber L oad s OL)
Ajz" &2 . /26> 2 148.0 14 C o 1 1 3 . 0
A12. -  (-12. “ ^6 9> 2. -4 9 Z .O -  % g 9 .0 ~ 4&0 - I  . ±
B a -  C/2. 3 8 7 * 7 3 8o.o 3 8 / ‘O 3 6 6 . 0
B z - P 23 / 2 .7 * 2 12.10 12.1 •? Co4»S f ( Y
C.IZ - C 3 4 2  a©. 8 Z l / O 2 6 3 0 216-0  i  /,<••
v i z  - P a s - 1 / 3 - 8 —* 12 8* 6 - / 2 6 . S -  9.2L •
N o d e  d e f / e c t / a n s  -  p a s / / / v e d o  c o r? c o a r< d
" T h e o r e t i c a l  & e f o r  m a h o n  Oh) : E x p e  r i m  e n + a t  d e f J e a t i o r r 5 C ia») V./i v o a e
E A - I E A - 3 E A - 4 Q u a d . / . Q u a d . 2 . Q u a d - 4 1
A 0 0 5 3 0 . 7 5 7 0 - / 8 6 O . 3 0 6 0 . 4 0 3  -
B O O 0 0 O O . 0 ;.>: .1
c —* — — O . 2  6 6 O.
p 0 * 0 . 181 0 * 2 . 5 5 O . 2 7 2 . 0 . 3 / 4 ?
2 0 * 0 3 2 O. 0 7 3 0 . 0 9 / 0 / 9 / , O .  2 5 £ T  O . 2 6 7 0 - 3 7 9 1
5* 6 . P 3 B 0 . /  3 2 O. 1 7 6 O .  2 2 0 0 - 2 3 8 0 2 7 9 0 . 3 3 9 1
6 0 . 0 3 3 0 . 1 4 / 0 - 2 0 0 O* ^  / 4 O - 2 Z 8 0 . 2 * 4 2 O i.3TOO.;f
7 0 . 0 2 4 0 . 0 8 4 O f  3 0 0?. 0 - / 8 8 0 - / 8 5 0 . 2 7  8 ?
8 0 * 0 4 3 0 7 7 1 0 - 2 8 2 O  . 2 9 4 ' 0 . 3 0 2
r a t h e r  t h a n  t h e  a v e ra g e  a r e  c o m p a re d  w ith  t h e  
t h e o r e t ic a l  r e s u lt s  in  T a b le  7 . 1  .
T h e  s a m e  r e a s o n in g  w a s u s e d  f o r  t h e  e x p e rim e n t a l  
r e s u lt s  of C a s e  5. T h e  c h a n g e  of t h e  s u p p o r t  c o n d it io n s  
c a u s e d  so m e  r e - a d ju s t m e n t  of th e  jo in t s  w h ic h  w as n o t  
c o m p le te ly  e lim in a t e d  by t h e  p r e - t e s t  lo a d in g . A g a in ,  
t h e  t h e o r e t ic a l  r e s u lt s  w e re  c o m p a re d  w ith  t h e  r e s u lt s  
of t h e  s e c o n d  te s t  o n ly .
F o r a ll  lo a d in g  c a s e s  ex ce p t 3, t h e  e x p e rim e n t a l  
m e m b e r lo a d s a g re e d  b est w it h  t h e  t h e o r e t ic a l r e s u lt s  
o b ta in e d  u s in g  t h e  in it ia l  a s s u m p t io n  t h a t  a ll  m e m b e rs  
h a d  EA v a lu e s  e q u a l to t h o s e  of t h e  a lu m in iu m  tu b e s .  
H o w e ve r, t h e r e  w as v e r y  lit t le  d if f e r e n c e  betw een t h e  
m e m b e r load s o b ta in e d  u s in g  t h is  a s s u m p t io n  a n d  t h e  
v a lu e s  o b ta in e d  a s s u m in g  t h e  v a lu e s  of a x ia l s t r u t  
s t if f n e s s  E A -4 .
T h e r e  a r e  two r e a s o n s  fo r  t h is .  F ir s t ,  t h e  
a n a ly s is  of t h e  p in - c o n n e c t e d  s t r u t  a p p ro x im a tio n  to 
t h e  s t r u c t u r e  d id  n o t ta k e  in to  a c c o u n t  t h e  c h a n g e  in  
a ttitu d e  of t h e  v a r io u s  m e m b e rs  d u e  to t h e  d e fle c t io n .
T h e  l in e a r  s m a ll d e fle c t io n  t h e o r y  w as a s s u m e d  to h o ld .  
S e c o n d ly , a la r g e  n u m b e r  of th e  m e m b e rs  la y  o u t s id e  
t h e  i n f lu e n c e  of t h e  r e d u n d a n t  m e m b e rs  a n d  h a d  f o r c e s
in  th e m  w h ic h  w e r e  t h e  s a m e  a s  th e  o n e s  c a lc u la t e d  
fro m  t h e  p r im a r y  s t r u c t u r e .  T h is  w as e q u iv a le n t  to 
th e  c a s e  of t h e  s t a t ic a lly  d e t e rm in a t e  s t r u c t u r e  w h e r e  
t h e  m e m b e r load s a r e  in d e p e n d e n t  of t h e  e la s t ic  
p r o p e r t ie s  of th e  s t r u c t u r e  p ro v id e d  s m a ll d e fle c tio n  
t h e o r y  is  a s s u m e d .
T h e  e ffe ct of t h e  c h a n g e  in  t h e  EA v a lu e s  w as m u c h  
m o re  p r o n o u n c e d  o n  t h e  d e fle c t io n . T h e  r e d u c t io n  to 
t h e  a x ia l s t if f n e s s e s  o f t h e  G R P  s t r u t  c a u s e d  a la rg e  
in c r e a s e  in  v e r t ic a l  d is p la c e m e n t . T h e  c o r r e la t io n  of 
d e fle c t io n s  w a s b e st betw een t h e  t h e o r e t ic a l r e s u lt s  u s in g  
E A -4  a n d  t h e  e x p e r im e n t a l v a lu e s  of th e  f i r s t  q u a d r a n t  f o r  
a ll  load c a s e s .  T h is  w a s exp ected  b e c a u s e  t h e  m o d u lu s  of 
e la s t ic it y  v a lu e s  of t h e  G R P  m e m b e rs  w e r e  m o d ifie d  in  t h e  
a n a ly s e s  to a llo w  f o r  t h e  1  h o u r  t im e  in t e r v a l  betw een load  
a p p lic a t io n  a n d  t h e  r e c o r d in g  of t h e  data. T h e  m e m b e r  
load s f o r  t h e  w h o le  of t h e  s e c o n d  q u a d r a n t  a n d  t h e  
d e fle c t io n s  of t h e  lo n g it u d in a l c e n t r e l in e  s e c t io n  a r e  s h o w n  
in  F ig s . 7 . 1  a n d  7 . 2 .  T h e  v a lu e s  of t h e  n o d e  d e fle c t io n s  
f o r  t h e  h e x a g o n a l la y e r  a r e  t h e  a v e ra g e  of t h e  v a lu e s  
re c o rd e d  on e it h e r  s id e  of t h e  c e n t r e l in e .  T h e  m a x im u m  
d e fle c t io n  w a s 1 /2 1 5  t im e s  t h e  t r a n s v e r s e  sp a n  betw een t h e  
s u p p o r t s  f o r  C a s e  2 w h ic h  w a s a p p ro x im a te ly  e q u a l to t h e  
B r it is h  S t a n d a rd  s n o w  load c o n d it io n  of 15 Ib /ft. .
C a s e  4-
/Ve>7“S ; /. Expert mental loads shown 
e n c l o s e d  in *  b r a c k e t s .
2*. Ut em ber*  l o a d s  git /en,  jx* 
p o u n d s .  ; ■<
3 . T h e ,  o r  a t  i c a A  m e m b e r  
loads f°tr E A - 4 .
C a s e  3
C a s e  5*
F i g .  7 . 1  C o m p a n i o n  b e t w e e n  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  m e m b e r  y f
l o a d s  f o r  s t r e s s e d -  s k i n  s p a c e  g r i d .  i y j
F , g .
C a s e  X
C a s e  2
7.2 D e f le c t io n s  o f  lo n g i tu d in a l  c e n t r e l i n e  s e c t  fen o f
s t r e s s e d -  s k i n  s p a c e  g r i d .
C a s e  3
C a s e  4
O a s e  S
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7 . 2  R e s u lt s  of te s ts  o n  s t r e s s e d - s k in  b a r r e l  v a u lt
T h e  r e s u lt s  of t h e  s t r a in  r e a d in g s  c o r r e c t e d  f o r  
g a u g e  fa c t o r  a n d  t h e  n o d a l a n d  s u p p o r t  d e f le c t io n s  a r e  
g iv e n  in  T a b le s  A  3 8  to A  4 1  of A p p e n d ix  3. T h e  r e a d in g s  
w e re  c o n s is t e n t  t h r o u g h o u t  t h e  t h r e e  lo a d in g s .
T h e  c h e c k  g a u g e s  of m e m b e r H ^ - F ™  s h o w e d  e x c e lle n t  
c o r r e la t io n  w ith  t h e  m e m b e r T h e  a x ‘ a * s t r a ‘ n s
d e t e r m in e d  fro m  t h e  p a ir s  of g a u g e s  at t h e  e n d s  of e a c h  
m e m b e r w e r e  in  v e r y  good a g re e m e n t . T h e  b e n d in g  
s t r a in  in  m o st m e m b e rs  w a s la r g e r  t h a n  t h e  a x ia l s t r a in  
a n d  in d ic a t e d  th a t t h e  T r io d e t ic  jo in t  s h o u ld  be c o n s id e r e d  
r ig id  in  t h e  p la n e  of t h e  h u b  s lo t. C o n s id e r a b le  ro ta tio n  
w a s p o s s ib le  at r ig h t  a n g le s  to t h is  d ir e c t io n .
T h e  d e f le c t io n s  a g a in  sh o w e d  a v a r ia t io n  w h ic h  w a s  
d e p e n d e n t o n  t h e  t im e  a ft e r  load w as a p p lie d . A t n o d e s  
1 0  a n d  1 1 , t h e  d e f le c t io n s  in c r e a s e d  in  t h e  o r d e r  in  w h ic h  
t h e  r e a d in g s  w e r e  ta k e n , i . e .  q u a d r a n t s  4, 3, Z a n d  1.
T h e  d e f le c t io n s  at n o d e s  A ^  a n d  A , ,  sh o w e d  t h a t  t h e  
. s t r u c t u r e  d e fle c te d  s y m m e t r ic a lly  at t h e  c r o w n  in  a 
s e c t io n  p a r a lle l  to t h e  a r c h  a x is ,  b u t d e f le c t io n s  at n o d e s  
1 2  s h o w  th a t t h e  d e f le c t io n s  w e r e  n o t s y m m e t r ic a l in  a 
t r a n s v e r s e  p la n e .
T h e  v e r t ic a l  d e fle c t io n s o f th e  s u p p o r t s  m e a s u re d  
by d ia l g a u g e s  1 a n d  4. w e re  n e g lig ib le .  H o w e v e r, t h e  
u p w a rd  d e fle c t io n  s h o w n  by g a u g e s  2 a n d  3  in d ic a t e d  
so m e  ro ta tio n  of t h e  s u p p o r t s .  T h e  a v e ra g e  e x p e rim e n t a l  
m e m b e r lo a d s a n d  n o d e  d e f le c t io n s  a r e  c o m p a re d  w ith  
t h e  t h e o r e t ic a lf v a lu e s  in  T a b le  7 . 6  . T h e  c o m p le te  
r e s u lt s  of t h e  a n a ly s e s  a r e  g iv e n  fo r  t h e  s t r u c t u r e  in  
Fig . 7 . 3  a n d  t h e  d e f le c t io n s  of th e  c e n t r e  bay a r e  
s h o w n  in  F ig . 7 .4 .
T h e  c o r r e la t io n  b etw een t h e  m e m b e r load s f o r  t h e  
c a s e  of E A -2  a n d  t h o s e  d e t e rm in e d  fro m  t h e  te s t  r e s u lt s  
w a s r e a s o n a b le  c o n s id e r in g  t h e  c o m p le x ity  o f t h e  s t r u c t u r e .  
H o w e v e r, t h e  a x ia l load of m e m b e r A , , - C ,  a g re e d  b etter  
w ith  t h e  t h e o r e t ic a l  v a lu e  g iv e n  fo r  th e  in it ia l  a n a ly s is ,  
a s s u m in g  a ll  t h e  m e m b e rs  to be a lu m in iu m  tu b e s .
It  w as d if f ic u lt  to d e t e r m in e  t h e  e ffe ct t h a t  t h e  s u p p o rt  
ro ta tio n  h a d  o n  th e  s t r a i n s  in  t h e  t u b u la r  m e m b e rs , b u t t h e  
two m e m b e rs  w h ic h  w o u ld  be m o st d ir e c t ly  a ffe cte d  w e re  
G j - J j  a n d  H ^ - F ^ *  T h e  r ig id  c la m p in g  of t h e  s u p p o r t s  
w o u ld  c a u s e  t h e  c o m p r e s s iv e  load s in  t h e  two m e m b e rs  to 
in c r e a s e ,  b r in g in g  th e m  m o re  in  l in e  w ith  t h e  t h e o r e t ic a l  
v a lu e s .
v•:::y i ” 7 ' * " t a s u e  y . b   ^ : ; ; ; ;  _ - v ■ , v  v
C o m p a r i so n .  b « f  w e e n  <?* p e r i m e n t a l  and  ' t h e o r e t i c a l  r e s u l t s  f o r  
S t r e  s s  e  of -  s k i n  b a r r e l  v a u l t  — IS  i b / f+% U t > .L .
M & m h e r  L c a d s  - p o s i t  t v e  Tens /o / v
M e m b e r T h e o r e t i c a l  M em her-  Loads  (\lo.) E xperi m erit a  / ffV 
Member Loads (  It):H A  -  t E A  -  2.
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N o d  & ale f  leoH ons -  p o s i  t/ue> cYotan ttktrd. '
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13 0 .  0 3 2 . O . L o 4 •*— # O.  217 0* 2 7 8  ;
1 4 0  . 0 6 8 0 . 2 5 7 O . 5 o 4 0 . 5 7 3 0 * 5 8 0
75* * 0 .  / 0 6 0 . 3 7 3 O.  9 3 0 fr — *  ‘
/ 6 0 .  / / £ * 0 . 4 ( 6 1 . ( 4 3
4 0 .  / 2 5 O .  4 3 / A 0 9 0 7 . 0 3 1
B 0 .  0 9 4 O .  3 5 2 0 . £ £ /  . -  *  V ' / tV
c 0 . 0 6 3 0 .  2 3 3 0 . 4 6 7 0 . 4 6 / •fi —ifc*
D 0 .  0 / 6 0  0 4 3 O, 0 6 7 0 . 1 3 4  - " f l .
P — O « O #  3 - 0 * 0 3 8 ~  0 ) 3 2 -  0 . I l l
M-~*v t a r g e t s  i n  a c c e s s i h / e .
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/ v ^ .  7 •  3  T h e o r e t i c a l  a n d  e x p e r i m e n t e d  m e m b e r  / c a d s  f o r  
s t r e s s e d - s k i n ,  b a r r e l  v a u l t .  ( L o a d s  g i v e n  i n  p o u n d s . )
’ Y/v’Y
te+te+F'te-Y-F;
(',^ /«? &/oz>3 uo/fp&fj-e> q
A s  w ith  t h e  s p a c e  g rid , th e  a n a ly s is  of t h e  
s t r u c t u r e  w ith  t h e  a x ia l s t if f n e s s e s  of t h e  G R P  m e m b e rs  
re d u c e d  to a llo w  f o r  t h e  p la te  b u c k lin g  g a v e  t h e  b e st  
c o r r e la t io n  f o r  d e f le c t io n s .  Even  a c c o u n t in g  f o r  t h is  
fact, t h e  e x p e r im e n t a l d e f le c t io n s  a r e  s t i l l  la r g e r  
t h a n  t h e  t h e o r e t ic a l v a lu e s .  T h e r e  a r e  s e v e r a l  p o s s ib le  
r e a s o n s  f o r  t h is  b e h a v io u r .
F ir s t ly ,  t h e  c o m p e x ity  of t h e  s t r u c t u r e  a n d  t h e  
la rg e  n u m b e r  of jo in t s  g ave a m p le  p o s s ib il it y  f o r  s m a ll  
m o v e m e n ts, t h e  a c c u m u la t iv e  e ffe ct of w h ic h  w o u ld  be  
q u it e  la r g e . Eve n if t h e  a c t u a l p y ra m id  ju n c t io n s  d id  
n o t s lid e  r e la t iv e  to o n e  a n o t h e r ,  t h e  t r a n s m is s io n  of 
t e n s io n  loads betw een t h e  p y ra m id  b a se s c o u ld  lead  to 
t h e  type of lo c a l d e f le c t io n s  s h o w n  in  F ig . 7 . 5  .
T h e  la r g e  d e f le c t io n s  m ay a ls o  be a r e s u lt  of t h e  
e la s t ic  m o d u lu s  b e c o m in g  a p p r e c ia b ly  n o n - l i n e a r  in  
r e g io n s  of s t r e s s  c o n c e n t r a t io n .  T h is  e ffe ct w o u ld  a ls o  
be a c c u m u la t iv e .  S u c h  b e h a v io u r  is  a lm o s t im p o s s ib le  
to a c c o u n t  f o r  t h e o r e t ic a lly  in  t h e  te st s t r u c t u r e .
A fa c t o r  w h ic h  m ig h t h a v e  c o n t r ib u t e d  to th e  
d is c r e p a n c ie s  in  th e  r e s u lt s  fo r  both te st s t r u c t u r e s
Undofor mad
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F ig , 7*5 D e fo r m a t io n s  o f  ha&e s h a p e s  u n d e r  te n s io n  lo a d .
S c a / e :  /"© 4 0 o  ib /}n *
F i g .  7 . 6  D i s t r i  b u t t o n  o f  a x i a l  s t r e s s e s  in. p l a t e  IG -  /6  « B
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w as th e  a s s u m p t io n  th a t th e  w h o le  of th e  p late w as  
a c tiv e  in  c a r r y i n g  t e n s io n .  In  fact, th e  a p p lic a t io n  
of th e  loads at th e  n o d e s m ay h a v e  r e s u lt e d  in  th e  
t e n s io n  f o r c e s  b e in g  c a r r ie d  by a n a r r o w e r  s t r ip  
of p late a lo n g  th e  j u n c t io n s , s i m i la r  to c o m p r e s s io n  
/ f o r c e s .  T h is  w o u ld  h a v e  b e e n  a g g ra v a te d  in  in s t a n c e s  
w h e r e  o n e  ju n c t io n  of a plate w as in  c o m p r e s s io n ,  
r e s u lt in g  in  b u c k l in g  o f th e  p late. To s t u d y  s u c h  b e h a v io u r  
w o u ld  in v o lv e  c o m p le x  a n a ly s is  a n d  e x p e rim e n t a t io n , w h ic h  
w as c o n s id e r e d  b e yo n d  th e  sc o p e  of t h is  t h e s is .
L a stly, th e  ro ta tio n  of th e  s u p p o rt s  u n d o u b te d ly  
c o n t r ib u t e d  to th e  p o o r c o r r e la t io n  betw een t h e  
e x p e r im e n t a l a n d  t h e o r e t ic a i r e s u lt s . :  H o w eve r, it s h o u ld  
be noted th a t th e  m a x im u m  d e fle c t io n  of th e  b a r r e l  v a u It  
w as 1 / 2 1 0  t im e s  th e  sp a n , v e r y  c lo s e  to th e  m a x im u m  
a llo w a b le  d e f le c t io n s  s e t  by th e  B r it is h  S t a n d a rd s  fo r  
d e s ig n  p u r p o s e s .
T h e  a x ia l a n d  b e n d in g  s t r e s s e s  a lo n g  th e  L. a n d  T 
d ir e c t io n s  of th e  g a u g e  lo c a t io n s  o n  th e  tra p e z o id a l  
plate a r e  g iv e n  in  T ab le 7 . 7  . T h e  c o r r e la t io n  fo r  th e
E x p e r i m e n t a l  s t r e s s e s  r e c o r d e d  in.  p l a t e
G*QU$€
I/o.
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c h e c k  g a u g e s  w as n o t good, a c o n d it io n  c a u s e d  by 
v a r ia t io n s  in  t h ic k n e s s  of t h e  G R P  p late  a s  w e ll as  
v a r ia t io n s  in  t h e  v a lu e  of P o is s o n 's  ra t io  a n d  t h e  
e la s t ic  m o d u lu s .  H o w e v e r, t e n s i le  s t r e s s e s  in  t h e  top  
of t h e  p late  w e r e  g r e a t e r  t h a n  n e a r  th e  c e n t r e  a s  exp ected . 
T h e r e  w as v e r y  lit t le  b e n d in g  in  t h e  c e n t r a l  r e g io n  of t h e  
p la te  b u t h ig h  b e n d in g  s t r a in s  w e re  re c o rd e d  p e r p e n d ic u la r  
to t h e  j u n c t io n  w ith  t h e  n e ig h b o u r in g  p y ra m id . T h is  
b e n d in g  w a s p ro b a b ly  c a u s e d  by t h e  d e fo rm a t io n s  of 
t h e  type s h o w n  in  F ig . 7 . 5  w h e n  t e n s io n  w as t r a n s m it t e d  
a c r o s s  t h e  j u n c t io n ,  a s  in d ic a t e d  by t h e  fa c t  t h a t  t h e  
m o m e n ts  w e r e  s a g g in g  m o m e n ts .
T h e  s t r e s s e s  p e r p e n d ic u la r  to t h e  d ia g o n a l j u n c t io n s  
of t h e  p la te  w e r e  a p p ro x im a te ly  1 0  p e r  c e n t  of t h o s e  
p a r a lle l  to t h e  j u n c t i o n s .  T h is  r e s u lt  w a s s im i l a r  to t h e  
f in d in g s  of t h e  te s ts  o n  t h e  p e rs p e x  p y ra m id s  c a r r y i n g  
c o m p r e s s io n ,  a n d  m e a n s  th a t  th e  a n a ly s is  of t h e  p y ra m id  
w a lls  c a n  be c a r r ie d  o u t  a s s u m in g  b o u n d a r y  s t r e s s e s  at t h e  
apex a n d  b a se  o n ly .
F ig . 7 . 6  s h o w s  t h e  d is t r ib u t io n  of a x ia l s t r e s s e s  a lo n g  
t h e  i n c l in e d  j u n c t io n  a n d  th e  c e n t r e l in e  of t h e  tra p e z o id a l  
p late .
CHAPTER 8
Conclusions
Conclusions
The results of the studies on individual pyramids 
and full scale test structures have shown that pyramids 
with thin walls can be used as stressed-skin structural 
elements of lightweight roof systems. Approximate 
methods must be used to analyse the complex space 
structures. It is necessary to understand the behaviour 
of the thin trapezoidal walls so that equivalent properties 
can be obtained to allow the analysis of the combined folded 
plate and skeleton structures. They can then be considered 
as pin-jointed skeleton space frames, and the analysis • 
carried out using any of several established methods.
In the pre-buckling range of apex load, the stresses 
in the walls of perfect pyramids can be predicted by assuming 
that the walls are portions of an infinite wedge, loaded at the 
apex. The stresses in the region of the apex are independent 
of the base support conditions. Near the base of the walls, 
however, the support conditions influence the stress 
distribution. For pyramids loaded at the apex, and with a
continuously supported base, the assumption of a 
uniform stress distribution in this region is sufficient 
for design purposes. Before the stresses in the base
buckling stress of the plate is reached.
The critical buckling load for the walls can be 
predicted with good accuracy by the method of collocation 
assuming that they are subjected to uniform compression 
at the apex and base, and simply supported at all four 
edges.
The ultimate vertical apex load carried by a pyramid is 
several times the apex load which exists when the walls are 
carrying the critical buckling load. The compression forces 
in the post-buckling range are carried by narrow strips 
adjacent to the junctions.
The width of the effective portion of the trapezoidal 
plates in compression, and the subsequent effective strut 
areas can be determined from the author's proposed equation,
This equation assumes that all sides of the base of the 
pyramid have continuous fixed supports.
region of the thin walls become significant, the critical
The effective width formulas developed for 
rectangular plates can also be used for trapezoidal plates 
if the variation in the effective strut width along the 
junctions of the pyramid is accounted for.
The change in the width of the trapezoidal plate 
causes a variation in the effective width along the inclined 
junctions and the average value must be used in the 
equivalent strut approximation.
The results of the tests on GRP pyramids showed that 
imperfections due to manufacture will mean that the 
theoretical critical buckling loads will not be realized in 
practical applications, and the plates will always act 
predominantly in the post-buckling range, even when not 
loaded normal to their planes. For design purposes it is 
advisable to assume the effective area of the approximate 
compression strut to be equal to the value at ultimate load. 
For pyramids made from materials with a yield point in the 
stress strain curve, this represents the area at which the 
average stress equals the yield stress of the material. 
Reinforced plastics materials do not exhibit a yield point, 
but tests showed the effective areas at ultimate load to be 
equal to the value obtained by considering only the region
of reinforcement overlap at the junctions to be active.
The results of the tests on two full scale roof 
systems showe d that this assumption was justified.
The assumption of a pin-connected space frame system 
gave axial member loads and deflections which were 
accurate enough for design purposes. ’ '
The assumption that the whole plate is active in tension 
is subject to doubt for very thin plates because local 
buckling in some portions of the plate may cause tension 
forces to be greater along the junctions. For the full 
scale test structures this assumption may have been 
even less justified since it was necessary to apply the 
loads at the nodes of the structures.
Of importance to the practical use of structures with 
thin plate elements is the fact that although the individual 
plates may have local deflections greater than those allowed 
by Building Codes; the overall deflections of the roof ; 
systems may comply with the regulations. When GRP is 
used to make the plate elements, and it is thought to be the 
most suitable material presently available, these large 
deflections are perfectly safe and are partly due to the low
modulus of elasticity of the material. This fact has 
been recognised by some building authorities with the 
result that some commercially produced versions of 
the structures described in this investigation are 
already in use in Great Britain.
Suggestions for future research
The structures described in this thesis are new in 
concept and there is very little information available on 
their behaviour. This study was limited to the investigation 
of the behaviour of the plates when loads were applied in 
their planes.
This should now be followed up by a study of the plate 
behaviour under loads normal to the plate. An iterative 
procedure for the solution of the non-linear plate 
equations for large deflections was described in Chapter 3.
Another aspect of this same problem is the effect 
of the normal loading on the effective widths of the 
equivalent struts. The effect should be greatest at low 
compressive loads, with a reduction of the influence as the 
load increases in the post-buckling range.
The assumption that the whole plate was active when 
tension loads were applied is in doubt and could be studied 
in conjunction with the above work.
The tests on the pyramids with reinforced junctions 
showed that the addition of a relatively small amount of 
reinforcement greatly increased the ultimate load 
capacity of the pyramid. It would be useful to know 
whether the placement of the reinforcement at the 
junctions is more effective than the stiffening of the 
central portions of the trapezoidal plates. The difficulty 
here is that this complicates an already complex problem.
The test structures showed that folded plate geometry 
of the pyramids increased the stiffness of the thin sheet 
material and allowed design loads to be carried by very 
lightweight systems. This leads to the problem of the 
behaviour of the structures under wind loading. With 
so small a dead weight, the problem of anchoring the 
structures may be considerable. Wind tunnel tests 
should be carried out to see if the undulating surface will 
in fact break up the suction forces, reducing the uplift.
The possible vibration of the thin plates could also be studied.
The large number of members and joints of the roof 
systems means that the analysis of the structures as 
equivalent skeleton systems will require computers with
a large storage capacity. For design purposes tho 
application of equivalent plate and shell analogies should 
be studied with the aim of determining methods for 
establishing the equivalent elastic properties.
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The production of the barrel vault pyramids by the
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The production of the barrel vault pyramids by the contact 
process.
The contact process for the production of glass reinforced 
plastics laminates is the most common fabrication technique 
used^. The process is normally used for relatively short 
production runs, and it exploits the important characteristic 
of polyester resins, that they can be set without heat or 
pressure. This allows the use of low-cost timber moulds to 
form the desired shapes.
The mould for the hexagonal-based pyramids (see Fig.Al) 
was made from I  in. thick marine plywood. The six identical 
triangular sides were joined together by brackets cut to the 
required angular dimensions, thus setting the deformed shape 
of the mould. The six 2 in. high wood strips around the 
perimeter were held in place by demountable brackets which 
could be detached from the mould to allow the removal of the 
cured unit. An hexagonal plate was fitted into the apex of the 
mould to provide truncation of the pyramid and allow a seat for 
the apex connector.
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F i g .  A I T i m b e r  mnould  u s e d  f o r  t h e  p r o d u c + i o n  o f  t h e  
b a r r e l  v a u l t  p y r a m i d s .
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Indentations were filled with wood-filler and the grain of
l
the wood was sealed with shellac. This process was repeated 
several times with a light rubbing in between each stage until 
the required smoothness was attained.
The half-pyramids required at the base of the centre bay 
of the barrel vault were formed by subdividing the mould into 
two halves by wood strips.
The mould was waxed and polished, and then coated with 
a release agent recommended by the resin manufacturers.
The polyester resin was Bakelite general-purpose type 
SR 19037A containing accelerator but no fire retardant or 
pigment additives. Catalyst was added in the ratio of 2 ml.per 
100 gm.to give a gelation time of approximately 30 min at a 
temperature of 6 8 °F.
The reinforcement used was 2 oz/ft.2, Fiberglass type FGE 2000 
chopped strand mat. It consisted of randomly distributed strands 
of low alkali Etype glass, approximately 2  in. long, bonded 
together by a size chosen to give quick wetting of the fibres and 
good mouldability with the contact moulding process. The resin 
to glass ratio of the completed laminate was approximately 2 : 1 .
J2 4 2
The chopped strand mat was tailored to fit each of the six 
triangular sides, including the 2  in. flange at the base of the 
triangle, with a I in. overlap at the junction between adjacent 
sides and at the apex. To keep well within the setting time of 
the resin, the pyramid was moulded two sides at a time with 
the resin mixed in three equal batches as needed.
Two panels were painted with resin and allowed to set for 
about six minutes. The tailored reinforcement was then 
placed in the first panel and more resin was punched into the 
mat with brushes. When saturated, the laminate was rolled 
with special rollers to remove any entrapped air. During the 
rolling process reinforcement was placed in the second panel and 
the same sequence carried out. This was continued until all 
six panels were completed.
The pyramids were then allowed to cure for 20 hours at 
ambient temperature before being removed from the mould.
The process was repeated, beginning at the waxing of the mould, 
for each unit.
Thickness data and mechanical properties 
of glass reinforced polyester materials.
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Thickness data and mechanical properties of the glass 
reinforced polyester materials.
The nature of the contact process is such that there was a 
wide variation in the thickness of the laminates. The thickness 
of the chopped strand mat reinforcement was reasonably uniform, 
but the addition of the resin by punching with a brush resulted in a 
large variation in the resin to glass ratio. This in turn gave the 
variation of the thicknesses and a resultant scatter of results 
when tests were carried out to determine the mechanical 
properties of the material. Throughout the thesis, average 
properties and thicknesses were used. This required a large 
number of readings and tests to establish reasonably accurate 
values.
A summary of the results of the measurement of the plate 
thicknesses is given below for the GRP test pyramids.
P y r a m i d N o .  o f A v .  th ic k n e s s M a x .  thickness M in. th ickness S td . D ev .
R e a d i n g s ( i n . ) ( in - ) O n . ) ( in )
1  A  4 I B 5 4 0 - 0 6 9 0 - 0 9 6 o - o s t 0 - 0 0 9 5
Z 3 0 0 - 0 6  9 0 . 0 9 0 0 - 0 5 0 0 - 0 0 8 6
3 3 0 0 - 0 7 0 0  0 8 8 0 - 0 6 0 0 - 0 0 9 0
4 3 0 O - 0 7 0 0 - 0 9 8 0 - 0 6 / o - o  i o s
5 3 0 0 - 0 8 / o .  t o o 0 - 0 6 2 0 * 0 1 0 /
6 3 0 O .  0 8 6 O - i / 8 O  • 0 6 8 0 - 0 1 0 9
B a r r e l V a u lt ) / 4 0 - 0 5 5 0 - 0 6 7 0 . 0 4 5 - —
It was also necessary to determine the thickness of the 
walls at the junctions because of the overlap of reinforcement 
necessary for continuity. The thickness readings were taken 
along the junctions, and along two sections 1 in. either side of them. 
Five readings were taken at 6  in. centres along each of the three 
sections, on all six diagonals of each pyramid measured.
Referring to Fig. 5. 6  for the location of t' and t", the results of 
the measurements are given below. The average value of t' was 
determined from 30 readings and the average value of t" was 
determined from 60 readings for each pyramid.
Pyramid
t '  (in ) t ” cin)
Average, 
vq/ a e
Maxi  man7 
v a t  tie
Minimum
value
Averatf e 
value
Maximum
value
Mini mum  
v a lu e
2
4
Barra/ vault
O J 3 I
0. /©8 
0 . /2 6
0 . f84  
0 . 2 5 4
0 . 160
o-ofis
0.097
0.07*2. 
0 . 1 0 6  
0 . 0  84
0.095 
0 . 16 0  
O. 122.
0 . 0 5  7 
0 . 0 6 6
O.D45
Pyramids 5 and 6  had extra layers of reinforcement added at the 
junctions. Three inch wide strips of 2 oz/ftr chopped strand 
mat were bonded the full length of the junctions for Pyramid 5, 
and two layers were bonded to Pyramid 6 .
The thickness measurements were taken along two sections, 
I  in. on either side of the junction. Again the measurements 
were taken at five points, at 6  in. centres along the sections, 
and on all six diagonals. These values were equivalent to 
^t' + t" j  as described above. The average thicknesses were
determined from 60 readings for both pyramids. The results 
are given below.
( i *  + t " ) / 2  (in.)
P y r a m id A verag e Maximum Minim um Standard
v a lu e vq In e v a lu e deviation
5 0.176 0 . 2 4 0 0 .1 3 2 0  * 0 / 4
6 0 . 2 3 0 O * 287 O. IB S 0 - 0 2 6
1 The variable nature of the GRP materials also meant that 
tests had to be carried out on a large number of samples to 
determine the average mechanical properties. All tests were 
carried out on an Instron Universal testing machine at ambient 
temperatures.
Ultimate tensile strength tests were carried out to the 
specifications of B. S. 2782, Pt. 3/301, 1957. The waisted tension 
specimen is shown in Fig. A2 (a). A typical load deflection graph 
is shown in Fig. A3. The results of the tests are summarized 
below.
Ultimate tensile strength, stressed-skin space grid pyramids.
No. of samples tested = 18
Strain rate = 1.5  %/m in
Average ultimate tensile strength = 14,190 lb/in. 2
Maximum value = 19,050 lb/in. 2
Minimum value = 10,200 lb/in. 2
Standard deviation = 2,240 lb/in, 2
The values of initial tangent modulus were determined on 
specimens with the dimensions given in Fig. A2(b). A typical 
stress strain graph is shown in Fig. A4. The elbow in the 
curve was the point at which initial de-bonding took place between
O . Z S O ^ t  O .  0 2 S "
U l t i m a t e  t e n s i l e  t e s t  s p e c i m e n .
e o
^  I n i t i a l  h i n y e n !  m o d u l u s  s p e c / ' m a n ,
(c) S e n d i n g  A s s t  S p e c i m e n * .
I  2 4 8
i
6
i
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the resin and the glass reinforcement. The results of the tests 
are given below.
Initial tangent modulus, stressed-skin space grid.
Samples were cut from six sides of one pyramid of the barrel 
vault structure and tested for initial tangent modulus. The 
specimens were loaded to 25% of ultimate. A typical stress strain 
graph is shown in Fig. A5. The results are given below.
No. of samples tested = 36 
Strain rate = 0.3 %/m in.
Average initial tangent modulus = 0.830 x 10° lb/in2.
Maximum value = I.OlOxlO6  lb/in2.
Minimum value = 0.660x 10° lb/in2.
Standard deviation = 0.084 xlO 6  lb/in2,
No. of samples tested 
Strain rate
Average initial tangent modulus = 
Maximum value 
Minimum value 
Standard deviation
1 0
1 . 5%/min.
0.882xlO6 lb/in2. 
1.080 x 1 0 6  lb/in2. 
0 .7 2 0 x l0 6 lb/in2. 
0.120 xlO 6  lb/in2.
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F ig . A 5, Zens/on s i r e  ss-s*fra  in cjrapk to  2 5 %  uHirnafe load  
fo r  GRP 1 ominate. ,
Similar tests were carried out on samples made on the same day 
as each pyramid to determine if the atmospheric conditions during 
the curing process had any effect on the initial tangent modulus.
The results were:
No. of samples tested = 20 
Strain rate = 0.3 %/min.
Average initial tangent modulus = 0.820 x 10° Ib/in^ .
Maximum value = 1.050 x IO6  lb/in3.
Minimum value = 0.670 x IO6  lb I  in3.
Standard deviation = 0 .110  x 10^ lb/in2.
It was decided that the variation in the results due to differences 
in the resin to glass ratio within any one pyramid was as great as 
that caused by fluctuating atmospheric conditions.
The tests for the initial tangent modulus in compression are very 
difficult to perform on the thin-sheet materials. Tests on cubes of 
the material give false results because the material properties are 
dependent on the thickness and the orientation of the laminates.
To overcome this problem, the results of the tension tests were 
fitted into the results from an extensive series of tests reported in 
Reference 35. Then the values of the initial tangent modulus in 
compression and the Poisson's ratio values corresponding to the test 
results were used in the calculations pertaining to GRP components.
The results obtained from Reference 3 5 were:
Stressed-skin space grid pyramids:
f\ 9
Initial tangent modulus in compression = 0.990 x 10 lb/in.
Poisson's ratio (average for tension and compression) = 0.37
Barrel vault pyramids: - „
Initial tangent modulus in compression = 0.930 x 10 lb/in.
Poisson's ratio (average for tension and compression) = 0.37
The test data for the stressed-skin roof systems was 
recorded after load had been applied for one hour. To 
determine the reduction in the elastic moduli in tension 
and compression during the one hour interval, quarter 
point bending tests were carried out on four beams, the 
plan dimensions of which are given in Fig. A2(c). The 
beams were machined to four different thicknesses, 0.250 in., 
0.374 in., 0.472 in., and 0.488 in., and tested at Five 
different stress levels. The modulus of elasticity was 
determined at 2 0  sec. and at I hour for each test and the 
per cent retention of elastic modulus calculated. The 
results of the calculations are given below.
2 5 4
2 5 5
T e s t
Thickness  
o f  somp/e 
c»a.)
S tre s s
Love / 
( l b / i n ? )
E_ @ 2 0  sec.F
( lb  / i n ?
E p <§ t hour 
( lb  / m * )
%  Retention.
ETjer
I O- 2 SO 1/6*4 1-493 1*35 O 9 o - 1
2 0 - 3 7 4 1/64 1-480 1 -3 5 2 9 1 - 4
3 0 -4 7 2 1 164 J- 34 9 1 -2 2 5 9  1 - 0
4 0 -4 8 3 1164 1-415 1-270 89-7
5 0 .3 7 4 Zooo 1-475 1- 3 5 5 9  1 -9
6 0. 472 Zooo h 388 1.22? 9 1 -6
7 0 -4 8 8 Zooo 1-321 1-19 3 90-1
B 0 -2 5 0 1-476 1-370 9 2 -8
9 0 -3 7 4 3664 }-46o 1-335 9 1-4
JO 0 -4 7 2 3664 1-344 1-229 91-3
1 1 0 -4 8 8 3 G64 1-360 1-228 90-3
/2 0 -2 5 0 Sooo f-463 1-355 9 2 -5
/3 0-374 &ooo 1-469 1-350 92-0
14 0-472 1-360 1 -2 5  5 92 -3
15 0.488 Sooo 1\ 322 1 -209 91.7.
16 0-472 (oOOC* 1-348 1 - 2 A-Z 92-3
/7 0-488 6 0 0 0 1- 357 1-218 89-8
The average per cent retention for the 17 tests was 91.3.
This factor was applied to the values of Ej and Eq given 
previously for use in the analysis of the full scale test structures.
Two factors are thought responsible for the rather high values 
of the modulus of elasticity in bending exhibited by the test 
specimens.
Firstly, the laminate from which they were cut was formed from 
10 layers of 2 oz/ft. 2  chopped strand mat. This gave an average 
laminate thickness of 0.5 in. The heat given off in the curing 
process of such a thick laminate is quite substantial and 
consequently a better cure of the resin-glass composite is obtained.
2 5 6
Secondly, the machining of the laminates removed the 
outer jell-coat layers of resin and gave beams with reinforcement 
extending to the surface. Laminates made with only one layer 
of reinforcement have a resin rich layer on both surfaces.
6Because the elastic modulus of this resin is only about 0.5 x 10 
2
lb/in. there is a reduction in the elastic flexural modulus 
for thin sheets.
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APPENDIX 3 
Experimental and theoretical data
Normal p/ate def/ec+ion and vertical/ apek cfe/le ct/'on, of hexagonaI- 
base pyramid under vertical apex load, Pyramid 3. ’YplY
Note: Average re su l t s  o f  t h r e e  T e s t s  t values a r e  n o t  p o r t e c t e d  -r  yjA  
o v e  rail change in> p y r a m i d  yeo m  e t r y .  Pet  l e c t i o n s  -posi/f*iyc down w a r d  .
4 y € ra g e  O e f lec t ion*  (Yn.* K lo~*) ...' •"
V n j
i-oaorfioK\
Go 120 18o 2.40 3oo 360 4 2 0 4 8 0 540 6oo Pg|f8
IL 3 8 // 2 0 2 3 2$ 3 2 39 J
/R o - / o o / 1 2 : • 4 5
2 L. IO 20 29 3 9 4 3 SB 6 3 \86 97 /■AMH:
2R o 3 5 9 . / 4 13 2 3 2 9  . 33 ':A 3 &
3L 1/ 2 / 3 5 4 8 6 / 76 9 0 too- ' - : t i 2 L28
,Y;Y?lipY
3 R I 4 8 / / / 9 2 4 3 0 3 7 4 !
Ylpp—C
4 L to 2 0 3 / 4 5 S3 73 & 8 loo Ito '■'/A 2:4:
' -->Y Y'Y V
4 R 3 7 7 / 2 4 3 3 41 s o 5 Q , ; 6  4*
Y; ViteH :Ip
S -  5 -  9 - / / —14 -17 -2 1 - 2 6 - 3 2 - 4 6 1 —: '46 '-; p * V.-ft- ft
6 22 5 8 /OO m 198 243 3 0 0 3 3 7 3 70 4 /6 '■'teY'te/PrA£;:Jffit
7 2 3 6 o /o r 164 22.6 2 97 358 3 8 8 4a 3 4 2 3
8 2 13 30 4 7 6 7 9 2 1/3 H Z 9 9 ■::90'u **j
Apex
$ v 2 8 5 4 78 / o t ‘  J24 14? 168 194 218
te - .V . ;i
2 4 3 V:
Normal p la te  d a f/  act/'on and vertical apex deflection  o f  hexagonal -  b ase  yp%/§ 
pyramid u n d er  vert/co! ap ex  l o a d ,  Pyramid 3 . >.
J/oie. t Average results o f f e r e e  tests , values are  not co rrec ted  f o r  
overall change in pyram id geometry . Deflection posifi Uc downward. .
\ q
Laocrf i<m\
A v e r a g e  D e f l e c + i p i i  (in. .  * io * 4 - ) . : ' '
IOO S o o 6 o o 8 o o loOo 1 ( 0 0 t z o o I S o o 1400 / S a p :
|JL 6 3 4 4 2 6 0 8 0 9 2 n o 1 2 2 1 3 7 7 5 2 . . -iV
l « O a 9 II / / II 9 7 3 "Y-O"'
2 L 1 4 8 4 i o / 1 4 2 2 o o 2  S o 2 9 5 3 4 2 3 9 2 4 4 8
Z R 5 3 3 4 0 s o 4 9 4 2 < 6 5 6 5 6 2 6 4
3 l. / 9 JOG 1 2 8 1 8 5 2 4 o 2 6 / 3 9 9 4 8 0 £ 5 8 6  S o
3 R, 9> 4 2 S o 6  c S o 4 z 9 4 / O S 1 / 7 v S o V
4 L IB l o / I 2 o 168 2 2 S 2  8 2 3 9  a 4 6 / S~2. 6 5 9 6 ;
4 % 9 4 9 6 / 8 1 8 7 9 o / 2  a 1 4 5 7 7 0 2a<V; 1 .« vsffrf V;
& -  l o - 3 9 -  4 9 - 7 C - 7 5 - 7 ! - 4 2 5 - 4 6 4 - S o u - 5 3 5
4 o6 311 3 7 6 5 3 a 6 7 2 5 3 5 . -  2<>d0 - 2 / 6 8 - 2 3 o o - 2 5 7 5 *
7 4 6 3 6 9 4  I S 4 9 o 6 9 0 ~/tyao * r / 9 8 a - 2 0 4 / - 2 0 9 5 -/S42.};
:)'Fyy;.\v\
8 1 2 10 2 . 9 5 5 Z 7 0 4 4 0 / o f o 1 2 4 7 7 4 2 0 1 5 9 2
A p e x
S  v 4 5 1 9 5 2 3 4 3 2 3 4 2 4 4 8 9 5 6 4 6 2 4 7 0 / 7 8 0
’ ;'*• r fri i . 
y\ yyu
T A B L E  A 3
N o r m a l  de f / e ch 'o n  o f  t r a p e z o i d a l  uoall u n d e r  u n i f o r m l y  d i s t r i b u t e d  
l o a d of m+ensif^ /5 Ik/ft* R/ramid 3. 
fJote.: D e f l e  c t  t’onjs yoos  i t i v e  d o w n  w a r d .
/-©ca,fior\ D <2 £ i € c*f io *\ @ 1 5 h/ fe t  (ln.K\0~+) Aver age Def lection
Loading 1 Loading 2 Cik. k to~4)
/ L 12 i t /2
/£ i o /O / °
l: 2 L / O B / / 2 i l l
2  R 72 7  2. 7 2
3L 2 22. 2 2  0 2 2  i
3R. /  5 5 I SB 1 5 7
4 L 1 6 / 1 6 5 / 6 3
4 R. 1 4 4 IS O 141
SL 5 0 S S ' S 3
5 R 4 8 S 3 . S t
C 2 1 4 0 2 l o o 2 1 2 0
T A B L E  A  4
Norma/ def/ecf/on. of trapezoidal coa/l under uniformly 
distributed loads of Varying intensif i es> Vyramid 3.
Notes: D& f / ect/ons po&i ft 'v e do to n cua rd.
\  L o a d
x J n t o e / t s i t y
N ^ V t 1
L  OCA f  lOH. <re
N o r m a l d e f l e c t i o n  o f  u o a . l l ( i i i -  x  l o ~ 4 )
8 .  1 4 1 6 . 2 8 2 4 - 4 2 3 2 : 5 6 4 0 . 7 0  V
/  L. 7 / % . / & 2 6 3 2
I R 7 1 3 2 0 2 8 3 8
2  L 5 9 I  3 7 2 3 4 3 3 5 4 4 o
2 R 3 6 8 9 / 6 o 2  4 5 3 4 2
3 L 1 0 7 2 4 o 3 3 6 5 5 2 7 0 8
3 R I S 1 7 3 3 0 0 4 3 8 S B O
4  L 7 3 / & 8 3 / 2 4 4 / ^ 7 2
4 R 6 4 / S o 2  S B 3 7 / S o  3
S L 2 9 6 5 / 0  6 / S O / B 5
5 r 2 2 4  S 7  8 / o r / S o
C / 3 g o 2 1 8 0 2 8 6 o 3 4 5 0 336  0  . ,
< :-55|\±ty±/± %*%#■
T A B L E  A 5
Princ< pa/ ax/al s t r e s s e s  in. uiall o f  p e r s p e x ’ p y r a m i d  w i t h  c o n t i n u o u s l y  
•fixed s u p p o r t 's ,  u n d e r  v e r t ic a l  apex load.
H o t e t  S t r e s s e s  p o s i t i v e  t e n s i o n ,
Laca+
W : r
-reOb)
i o n \
P r in c ip a l  ax ia l s*fr<?ss (■ lb. / s * ■ . -/%i.
4 c o S o o \ % o o 76 0 0
1 G> S o 3 o - 4 - 7 8
cr cp -  /8 o -  3 0 6 -  3 0 3 - 4 5 3
2 <5> 6 ; /.9 -  23 — 8 5  \
0 > -  /OO -  / 9 8 -  5*3 0 -  9 8 0  ft
3 (TP / s / 3 - 3 9 - 0 3
crt -  9© -  / 3 8 -  / 3 a -  / 2 2
4 (Tp o /Z -  2 0 -  /O /
<5V -  6 2 -  / / 3 -  2  /O - 2 8 8
5 crP - 2 3 7 a
ov -  S o -  / o z -  3 3 7 — 6 4  / .
6 (TP 2  2. 7 8 / # !
— s o -  8 3 -  7 0 -  76
7 <rP / s 2 4 6 9 / 2 5
C3V - 5 2 - 7 4 - 8 6 -  8 3
8 <rP / / / 4 4 2 7 2
ov -  4 8 -  7 5 -  / 6 / -  2 2 3
9 <3V / 2 1 /  ; 3 2
<rt - 3 4 -  76 -  / 5 4 -  2 6 3
/ o (TP / 4 / / 3 / S
-  /2<9 -  /3 8 - / 8 3
n <S> 9 - / / -  2 3 ~ / g .
ffV i w •lb -  SB -  4 6 -  7Z
!Z Op .  6 -  /2 -  / 4 6
$y - 5 2 -  97 -  /S 9 -2© 7
a / 7 5*3 3 4 46,
crt -  2 6> - I S : -  9 2 -  1 5 1
Pr in c ip a /  axial s t r e s s e s  in wall o f  p ecs  pe* p y ra m id  u ii+k  Corner,
S u p p o r + s  ,  u n d e r  y e r - K c a l  a p e x  l o a d .
N o t e  i S t r e s s e s  p o s  i f i v e  f e n s  ion* m
ficfr)
ion,
Prmcipal * akia 1 stress C (bi/ik?) *
toca+ 4 0 0 6  o o 8 0 0 1 2  0 ® I 6  0 0
/ a'p 30 26 /5* / 3 7  : f ■
(S'.}. - / S Z -246 -3 1 0 - 397 -378
2 r i 24 2 2 /3 - 3 -  52
ov - 0 5 -157 - 2 3 2 - 4 3 8 -  /o /8  Y,
3 r i -  3 -17 / 30 37'.,'
(5V *• 6 / —(02, -  77 ^ G 4 -/-oa
4 r i o -  9 12 4 o 5/
r i -  5*2 -9 9 -  /36 - 2 / 6 «* 2 5 o
5 r i 0 - 2 8 — 6 -  14 .fe-
r i -  6 0 -  1/6 -  2 60 —  59  5 -  968
£ r i - / / -23 2 5 54 9 /
° + -2.0 -41 - 3 9 — 56 - 5 3
7 r i / - 8 - 13 ' I4
r i -  2 3 - 4 / - 4 8 -  7/ — 80.
8 r i - 3 IB -13 - 5 6 - 9 9
r i -  55 - Ho -J 63 -  274 , -  373
9 r i - 8 4 3 -  9 -  2 5 “  9V
r i -  /5 5 -  266 -  332 -  5 3 7 -  8 2 3  “
70 r i 16 35 / / - £ 646 *46
r i 4 5 2 8 4 0 S3
U r i T V  Z>A IGONAL <5jq g r  ......
r i
12 r i 2 3 35 7 g toa 122. .
r i - 2 0 — 44 -  21 - 3 3 - 8 /
/3 O^p 50 69 !4o 2 0  5 2 6 4
r i -83 - / 5 4 -186 - 2 93 - 4 / S
■■;': r,\fe fe/yfe *fe u v/ < y   ^.<*%-,y: -a•.;■ •,;*■•
.* ’•$ •; '  1 fe. :• •. *» '.■% . ~  . •• '  ' *  ■ ■*“ *»>• .' • '  ,  * ' *• 1 fe \  , - .fe . y y  •• ;■•■••■ * ,  —y y y y  y -fe y fey fey fefefe: fe
TABLE. A l
P r i n c i p a l  s t r e s s  d i r e c t i o n s  f o r  p e r s p e x  p j m w f j  u, i t k  c o n t i n u o u s  
f i x e d  s u p p o r t s  , C in d e r  v e r t i c a l  A p e x  I o
t o c a 4 / o n ^ \
P r i n c i p a l  s t r e s s  d i r e c t / o n s  dip** ( d e g r e e s )
4 o o 8 b b 1 2 0 0 ( 6 o o
/ /*T3 0 . 3  7 -  4  6 7 -  / / .  0 9
Z -  /0.  99 -  / 3 .  11 -  2/* 3© - 2 6 . 5 6
3 a,  s i - 0 * 7 6 2 . 0 / 4 / . / S
4 — 4 .6 8 - 9 . ; 9 3 ;'- - 18 . 80 - 3 4 9 8
s -  2 3 .3 6 -  2 6 .  6 5 -  3 2  . 6 9 — 12-18
6 / 4 5 0  73 O i 0 7 - 0 . 6 6
? “ *4/9 “ 4 S 4 / / « # 2 6
8 —13.00 -  //.£T2 - 3 1 2 - 2 4 0
9 - 1 7  . 8 0 - 2 1 * 4 6 - I Z . 8 9 -  13-pi
/o 4 \ o 4 . 2 1 12. SI - / / . 4 a
ti -2 8 -8 o - 3 0 . 6 / -  0 .81  ; 2 6  .4 2  v
12 1-6* -  4*77 e . 4 3 u 1 4 .0 7
73 * 2 0 .2 3 -  2/. 9S - 2 2 .5 0 - 2  o . 8 5
T A B L E  A S
P r in c ip a l  s t r e s s  d i r e c t i o n s  -for p e r ,  p .  s k  p y r a m i d  with* c o r n e r  
s w p p o r f s ,  u n d e r  v e r t i c a l  a p e x  l o a d .
t o  oaf i o n \
P r i n c i p a l  S t r e s s  d i r c c f i  a n s  ©/p<j. ^ d e g r e e s )
4 0 0 £>oo 8 0 0 I z o o 1 6 0 0
/ 4.16 3« 4 7 o .  3 7 -  4  5 3 - 8 . 3 5
2 -  5 .8 4 - 8 . 0 3 -  /3* 89 ■* -  17 8 4 - 2  2 - 7 7 0
3 O. 5 0 / 9 Z - 2 - 7 1 “ 4 . 3 5 + 2 -3o'x?.
4 -1 2 .3 6 - 1&-61 “ 2 5 .9 8 -  27. 58 - 2 3 . 9 1
®r - Z 8 J 2 -  27  49 - 2 8 . 5 5 - 2 7 . 5 2 -  2 9 . 2 6 ;
6 - 9 . 9 0 5 . 8 6 0 . 6 5 - 2 . 7  5 - h Z 6  C
7 3 9 . 4 7 3 3 - /7 3 / .  63 /P -0 7 4 - 1 3 ' i t -
8 -4 1 .8 0 - 4 1 . 4 2 “ 34*76 - 2 7 . 9 2 -  2 2 .89
“ 3 / .3 4 - 3 1 .1 5 -  2 7  97 -  27. 14 -  2 9  + 3 2
/ a - 5 . 9 5 4 . 3 5 7 *28 “ S# bo - 1 8 . 0 4
it fA r y  f>/A<*o w i i .  <£/4a
tz - 3 7 7 2 -  3 s . s e —’11. s o - 5 ;  66 — 4 . 9 6
13 - 2 4 - 3 4 -  2 4 . 5  7 - 1 7 . 8 2 - 1 8 . 9 2 “ 19.91
V e r t i c a l  and hor izon ta l s t r e s s e s  in. u>a II o f  p e rsp e x . p y r a m id  
toitk Continuous -fixed su pports , under v e r t i c a l  apex  l o a d .
T A B L E  A  9
N ote : /•S t r e s s e s  p o s i t i v e  ten s ion ,.
Z.0oth **>/<*/ and bending stresses are  9 1  u«ry * 
3. S a g g  m g  m o m e n t ;  ( ? ) j r j f j n g  mcrrrt e n + t C -  )  .
(\L)
V e r t i c a l  a n d  h o r  i z o h t a l  s t r e s s e s  ( I L / m z )
Location 4 0 0 Boo 7200 16 0 0
J V -  /43  X 28 - 3 0 6  ±  6 7 - 4 0 2  ±  413 * -4 4 0 X 6 4 0
H / 5  t  2 6 31 t  E 9 - S t  47/ -9 2 . ± 768
2 V - 9  6 ± / 6 ~ 1 8 6  ± 2 6 - 4 6 4  t  / 4 I -  I B S  ± 1 1 8
H 2  ±  11 9 ±  3  [ - 8 5 4  X 3 - 2 4 o ±  6 2 0
3 V -  7 5  X / - 1 3 8 + 2  9 ~ /3 8  7  2 // . — /  06  +  8  /
0 7 3 14 +  4 0 -  40 7 / 9 -  /OO ±  2 o S
4 V - 62 ± /o -r/IO 7 8 — / 3(? 7  2  06 -  2 8 0  + 1 7 0
W -  1 ± 6 10 7  24 - 4 o  +  n o -  JOB +  7 2
s V — 4 0  + /© - 8 0  + 2.6 -  270 +  8 7 -  4 3 0  +8%
H - 1 0  ±  IB -  /4 X 30 - I 0 7  7  378 -  2 0 6  17 ^ 9 0
6 V - 4 9  +  2Z -  84  + 69 -  69  7  7 73 — 76 7  2 8  6
H 3  + <8 2  2 + 6 3 7 8 + 1 1 9 142 +  1 3 /
7 V -  4 2  + 2 S - 7 3  + 72 - 8 0  + 1 7 7 -  8 3  +  2 8 S
8 3 + 1 8 2 3  +  61 6 9  7  /4 4 125 4  / 8 /
8 V - 3 7  + /2 - 7 1  +  4 1 - 1 6 1 +  167 -  2 2 9  + 8/6
H 0 + 2 I t  +  1 4 4 /  7  /46 70  + 3 0 1
3 V - 3 1  t  4 - 6 5  £ 9 -  / 4 S  +  8 8 -  2 4 8  +  1 8 4
H - 2 ±  13 - 9  ± 3 3 3  t  6 4 >77 X“ 2 1
/ 0 V - 6 5 * 2 4 -  / /9  X 69 - 1 3 0  i. 3 /  7. -  / 75 X 4-78
H / f  / 4 O ±  3 2 8  t  1 2 3 8  + /9 8
It V - 2 / 1 2 9 - 3 9  + 75 - 4 6  ±  2 8  S - 5 6  ± 4 5 2
H -  5  t  | o -  / 3 ±  /© - 2 3  +  80 -  3 3  ± 1 3 2
IZ \/ - 4 4 + 3 0 - 9 6 + 4 3 -  /53  £  2 0 / -  /9 4  ± 360
H -  3  ± // -  12 ± 13 -  /3 1 £T8 -  8 ± / /9
13 V - t i t  1 7 -  44 ±  2 2 - 7 5  + 74 -  {27  1  1 4 4
N I t  8 3  ±  6 /7 ± 3 5 2 / ± 7 0
Vertical and h o r izo n ta l  s t r e s s e s  in* voall o f  p e r s p e x  p y r a m id  
l o i f h  corn er  s u p p o r t s  , U nder  v e r t i c a l  Qpek  I c a d .
T A B L E  A  1 0
jl /. s t r e s s e s  p o s i t i v e  t e n s i o n * .
6 z.&o+h axial a ridA b e n d  ing. s t r e s s e s  a r e  given* .
3 .  S q g g  i n g  m o m  e n t : ( + )  f f r  o g g i n g  r n a m  e  n t  - . ( I )
v ® Vf i r -Hca l  and  h o r i z o n t a l  s t r e s s e s .  ^
Locoi
\ 4 II0 
• on 4 6 a 6 o o B o o ■ 72 0  0 7 6 0 0  f
I V - ISO ff  37 -  246 ± 6 7 -  3/0 1 2 31 - 3 9 4  ± 841 -3 7 2 1  1191
H 2 9 + 2 . 6 2 5  t 4 5 15 + t tB 1 1  ± 5 8 7 - 1  ±  too l
Z V - 9 4 1  2./ -1 5  3 ± 36 -217  ±  160 - 4 5 3 1 4 8 6 - 8 7 I t 5 /0  :i
H 23  1  7 /7 1 10 -  / 1  2  6 - 5 6 1  29/ -  / 9 6  £ 640 i
3 V - . 6 / + 2 9 -702 ff 6 o -  77 ff Z22 - G Z +476 - 1 0 0 + 7 3 9
H - 3  +: 37 -  /#  7 72 J  f f  2 2 3 3o  + 30  6 -  3 9  f f  2oa
4 V - 5 0  f  /3 -  0 0  + 30 -  108 ff 78 6 -  76 0 f f  4 3 2 -176 ff 723
H *■3 t  2.0 ~ / a  f 35 - 1 8  f f  2 0 2 -  14 + 4 2 0 -  2 5  ff 6 0 6
5 V - 5 / 1  / 7 - 0 3  2 33 - 1 9 2 + 9 0 - 4 7 0  +  118 - 7 4 0 + 4 7 4
H - 9  t  2 5 - 2 7  - ET9 - 5 2  +  79 •r-132 + 326 - 2 4 3  i  6 85
6 V - 1 1  ff 2 8 - 2 2  + 36 / 5  + 5 9 5 3  f  707 3 /  * 7 4 6
H - 7 9  + 2 6 - 4 / 1 57 - 2 9  + / / a - 5 5  + 173 - 5 3  7 / 9 5
7 V - 1 1  + 26 - Z I  ff 33 —<8 + 5 8 - 1 6 + 1 0 8 14 ff 15S
H - / 6  1  2  6 - 3 8  ff 4 / - 3 7  ? 9 ? - 6 9  + 184 - 8 0  ff 253
8 V - 3 7  + 13 - 6 7  ? 14 -113 + 2 ( , - 2 2 6  + 48 " 3 3 2 + 5 6
H - 2 6  1  3 -  53 1 n - 6 2  +  3 -  103 f f y o -  / 4 /  +7o s
a V ~ / / 5  f  /6 - / 6 3  + / -  2 £o 2 4 - 4 3 7  + 2 8 - 6 / 5 1  38
H -  4 8  ff 1 - 6 o 1 23 - S o  ± 7 8 - 1 3 2  ± 2  25 -  / 74 2 439
to V 4  ± 2 2 6 1 4 0 30  ±  /  ©/ 4 2  1  / 6 5 6 3  1  227 ')
H / 6  f  /3 3 4  ± I / / A  2* 25* 7 4 4 +  3 9 7 3 5 +  so} ;
t t V - 4  1  / 3 9  1 4 / 0  1 7 0 2 3 +  1 4 0 4 2  2  z o o
H 2 4  ff / 31 ± I I /^3  - 2 2 740 + 3 6 / 3 /  2  3 9  ,
i z V - t o f f  7 - 1 7  t 14 -18 ± 4 6 -  3 / 1  8 / -  5 2 2 / 6 5 ;
M 3 ff S e t 2 72 ± to 700 i  3 o BO ± 3 4
<3 V - 6 s ±  /a - / / 6  t 2 8 - I S S  £ 54 - 2 4 6  1 73 -  3 3 6  ± 61
H 2.6 1  |2. 3 0  i 2 2 n o  1  47 /S 4  1 73 7 8 6 f  8 7 ?
T - [  "  - Y  ; t  ' " '  £  • ;y'F,. ■• 2 6 7 ?
t a b l e : a h  :;
V er t ica l  a n d  h or izon M /  b e n d  i n j  m o m s n f s  ivl t o a / /  o f  p e r s p e x  
p y r a m i d  u>i hu c o n t i n u o u s  f i n e d  s u p p o r t s , U n d e r  v e r t i c a l } ;  
a p e x  l o a d .
M  =  O . o o 2 6 l O ’ lb .  i n . / i n . .  ^ 3 3 1 ^  o i o m f i n t  p o s i f i v e .
Loca+
i Qf y < a b )
ion.
B e n d i n g  m o m e n + S C It. iH.. /  in,i0
t o o 8 o o / z o o 1 6  0 0
v - 0 . 0  74 - 0 . 1 7 5 -  J. 0  77 - 1 6 7 1
H -  0  . 0  69 - 0 * 1 5 5 -  / .  2 2 9 -  2 + o o 4
£ V -  o  . 0 4 3 - 0 . 0 69 -  o . 3 6 8 - O .  307
H - 0 , 6 2 9 -  o . o o 9 -  O . 2 3 5 -  /.  6 / 6
3 V - O . 0 0 3 ©. © 7 5 O. 5 5 / 0 . 2 / 2
H O. 0 0 9 ©. / o 3 0 . 0 4 8 - 0 . 5 4 2
4 V -  O. 0 2 5 O. 0 2  0 0 . 5 3 7 0 . 4 4 4  .
H - 0 . 0 1 4 0. 0 6 3 0 . 4 4 4 - £. /0 7
5 \1 -  0 . 0 4 8 -  0 . 0 6 9 0 - 2 2  0 ©. / 3 5
H - O . 0 4 6 - 0 . 0 7 7 0 - 9 0 S /. 8 0 6
6 V a . 0 5 7 O. l3 o 0 - 4 S I £ .7 4 7
H 0 . 0 4 6 0 . 186 0 -3 1 0 0 . 3 4  2
7 V £ .0 6 6 0 .1 8 7 0 . 4 6 , 2 £ . 7 4 4
H £ .046 0 . 1 5 8 <0 . 3 7 6 £ .  4  7 4
8 \/ £ .  0 3 Z O. 1 0 7 0 -  * 3 7 0 . 8 2 4
H £ . 0 0  6 6 . 0 3 7 £>• 8 8  2 0 . 7 0 0
B V - 0 . 0 1 / - 0 . 0 2 3 0 . 2 3 0 O. 4 0 4
H - O . 0 3 4 —0 . 0 8 6 — 0 . / 6 6 - £ .  0 5 7
1 o V - O .  0 6  3 - 0 . 1 8 0 - 0 . 8 / 5 -  / .  2 4 9
H -  O. © 3 7 ~ O. 0 8 4 -  O. 3 2:3 \ - 0 . 5 / 7
i t V - 0 . 0 7 5 -  0 * 1 8 5 - O .  7 4 4 - 1 . 1 8 0
H -  0 . 0 2 5 -  0 . 0 4 6 -  0 . 2 1 0 - 0 . 3 4 4
IZ V -  0 . 0 7 7 “  0 . / 2 7 -  O .5 2 fe ~ 0 . $ 3 8
H - O .  0 2 9 - 0 . 0 3 4 -  <D. /5"2. - 0 . 3 1 0  |
/ 3 U ~~ O * 0 4  6 - 0 . 0 5 7 -  O .  1 9 3 - O .  376
H -  O . 0 2 0 - O .  0 / 4 ~ 0 . 0 9 2 - £ .  / 8 4
V e r t i c a l  a n d  h o r i z o n t a l  b i n d i n g  m o m e n t s  in u i a l l  o f  p e r s p e x  
p y r a m i d  u>i+k c o r n e r  s u p p o r t s ,  u n d e r  v e r t i c a l  a p e x  load.  1 P-;
H - O. oozbl <3* Ik. in../in,. a^gg ing moments p>of \i i ye . . :; i|
'F-~™ ' ~
S e n d  ing . m o m e n t s 6 lb .)V>*/ nc)
Location, 4 o o 6 0 0 8 0 0 )2 o o 16 0 6  y
1 V -  0 . 0 9 7 - b . » 7 5 — 0. 6 0 3 - 2 / 9 3 -  H# / / Z
H ~ 0 . 0 6 9 -  0 -107 — 0. 310 - A 5 - 3 / - 2 . 6 / 3
2 V - O . O  5 5 —»0 • 0 9 6  ■ - 0 . 4 ) 6 -  /. 2 6 8 -  /. 3 3 2
H -  0 . 0 / 7 - 0 .  0 2 6 -  O .0 6 9 , - 0 . 7 6 0 -  1 . 6 1 1  r r
3 V (?> 0 7 6 o . l £ 7  ; 0 . 5 0 0 /  * 2  4 / 1 , 9 2 6
H 0 . 0 9  7 O '188 0 . 5 0 3 0. 8 0 0 O. 5 2 6
4 V 0 .  0 3 6 . 0 .0 7 8 O. 4 8 5 . / . / S o /  * 8 8 7 A
H 0 .  0 5 / ,0 .0 9 1 <0. S2.8 /  . 0 9 5 I* 5 8 2  A I
5 V -  0 . 0 4 6 0 * 0 8 6 0 . 2  3 5 0 . 7 2 7 1.2 3 4  :
H — 0 .  0 6  5 0 .1 5 4 O . 2 0 7 O. 8 4 9 /* 7 SB A
6 V 0 . 0 7 4 0 , 0 9 4 0 *1  SB O. 2 80 0 . 3 8 2  :
H O. 0 9 4 0 .  / 6 8 0 . 3 0 7 0 . 4 5 2 0 . s p s  A:
7 V 0 . 0 6 9 0  • 0 8 6 O . I S 2 0 * 2 8 2 0 . 4 o 5 :
H 0  . 0 7 6 0 . 1 0 7 O. 259 Oi 481 O . 660
8 V 0. 0 3 4 0 .0 3 7 0-069 0 . 1 2 5 0 .  /46V
N -  0 . o o 9 -  0 * 0 2 9 - 0 * 0 2 3 0 0 7 8 0 . 2 7 3
B V O .o 4 3 0. Oo 3 0 .0 6 3 - O ' 0 7 3 “ 0 . 2 3 0
N 0 .  ooS" - 0 . O6 0 -  0 . 2 0 4 - O . S B 6 - J . / 4 S A
l o V -  0 . 0 5 7 -O  . 1 0 4 - 0 .  2 6 4 - 0 * 4 3 0 - o . s r ' s r
H 0 . 0 3 4 -  0 • 0 0 3  . - 0 . 0 6 6 - 0 .1 0 / - o * ) z 9 i A
t l V - O . o  34 - o u o r - 0 . 2 0 7 -  0.  3 6 3 - 0 . 5 2 3  h
H 0. 0O3 - 0  0 Z 9 - 0 . 0 5 7 - 0 . 0 9 4 - 0 . 0 3 9
12 V -  0 . 0 / 7 - 0 . 0 3 7 -O .  121 - 0 . 2 / 3 -  0 .2  73-
H 0 .  0 2 0 0 . 0 0 S -  O . O lS “ 0 . 0 7 8 -  0 .0 8 5 1 ;
/ 3 V -  O .040 -  0 .0 7 3 - 0 . 14/ -  0 .  / 8 9 -  0 . / 58y :;
H - 0 . 0 3 2 - 0 . 0 5 7 -0 *1 2  3 - O , / 0  9 - 0 . 2 2  7; ;
V e r t ic a l  a p e x  d e f l e c t i o n ,  o f  p e r s p e x ,  p y r a m i d ,  u n d e r  
v e r t i c a l  a p e x  load.
j Pos  i + 7 v e  d e t  lec t ion ,  d o u j  rt u ia  r d
CONTlN U OUS /=V K g P  S  UP PORT
L o a d  Q
(/b)
p e f / e c t / o n  o f  apex g a u g e  c-nO Average
Ap'CX .> .
deflection*1 Z 3 4
t o o
0 O O
/ Z O O
1 6 0 0
0 . 0 0 9 1  
0 . 0 1 9 5  
O . 0 4 7 0  
0 * 0 8 4 0
0 * O /Z O
0 . 0 2 3 6  
0 * 0 5 0 0  
0 . 0 8 4 6
0 * 0 / 3 8  
O. 0 1 23  
O. 0 5 0 0  
0 * 0 8 4 5
0 *0 1 1 2 .
0 . 0 2 2 0
0 . 0 5  t o
0 * 0 8 9 0
O* O f / s  
0 . 0 2 1 7  y  
Q . 0 4 9 5  
0 . 0 8 5 4 y
co&M&e surroRT
Loud Q
o t,)
D e f l e c t i o n  o f  a p e x  g a u g e  ( in .) Average
ap ex
d e f le c t io n1 Z 3 4
4 o o O. 0 1 9 0 O. 0 2 3 0 0 : 0 2 4 5 0 .0 2 ,0  5 0 . 0  2 / 8
Goo 0 , O3oo O. 0 3 3 5 0 . 0 3  3 2 C* © B oa 0 . 0  3 / 7
Boa 0* 0 5 / 8 0 . 0 5 6 0 O* 0 5 4 5 0 . 0 5 3 0 0 . 0 5 3 8
I Zoo O * 102.0 0*1030 O * t 0 2  0
*
O * / a3 a O* 1025
1600 0  * 1440 O * 14 2 0 O. / 3 9 5 O. I4S5 O* 1428 y ]
U N  t m  a / e .  l o a d  f i e s t  o f  g r p  P y r a m i d  4 .
D e f le c t / a n S  />&* i+1 ve  doutrt  loq r d .
Q A p e x  c / e f / e c h o n  On. x to ~ 4 ) v e r a  y e :
Oh) G a u g e  / G a u g e 3 G a u g e  4 Hk .xiS * )
/OO S o 7 0 72. 7 3 / 6
2 0 0 4 2 4 Z 2 3 2*9 3 6
3 o o 70 7 0 4 8 4 8 5 0
4 0 0 B B 7 0 2 7 0 7 2 8 6
&oo / B O 7 3 7 90 7 0 2 7 7 5  iff; '
<oOO / 6 o 7 7 / 7 / 8 7 3 2 7 4 5  %
7 0 0 / B Z 2 0 9 1 4 5 1 6 5 /7£
Boo 2 3 0 247 1 7 5 2 0 5 2/4*
9oo 2 6 5 2 90 2 1 0 2 2 8 2 5 /  : .
/OOQ 3 0  5 3 3 0 2 4 8 27 4 289
/too 3 4 6 3 7 5 2 8 8 3 / S 3 3 1
12.00 3  8 5 4 2 2 . 3 2 6 3 7 4
/ SdO 4 2 3 476 3 7 0 3 9 8 4 1 5
/4ao 4 7 o 52© 4Z O 4 4 5
/5©<s 536 S 9 5 4 8 0 5 o S 52  g >.
l 6 ao 5 8 0 64o . S 3  5  \ 8  6 0 S 7  3 "’V
1700 6 4 0 •7 0 0 5 9 0 6 2 0 638\:->
18oo 760 762. 6 6 0 6 8 5 7 O Z 0 :
/&O0 776 8 4 o 7 3  5 7 6 0 7 7 6
2.000 0 2 5 8 9 2 8 6 0 8 2 0 834
a/oo 006 960 B 8 0 0 0 6 9 / 0
z z o o 960 1 0  2 5 9  50 3 7 5 9 7 3
2 3 0 6 I 0 4 B I t o o 10 3 5 / o 5 S 1 0 5 9 0
24&0 m o t / 7 0 1 1 2  O 7 7 4 6 1 7 3 5 1
ZSoo 1 / B o 12.48 1Z O S / 2 B O 1 2 1 8 ? :
2600 l Z 8 o / 3 3 6 1 3 0 0 1 3  3 0 1 3 1 0  ;
2  700 1 3 7 0 14  I S 14 0 0 1 4 2 0 14 o j
2800 1 4 6 0 1 5 1 0 I S  0 5 1 S 3 o / S o / 3
2006 1 5 5 0 1616 1 6 1 5 1640 /6 o 4
3oao — — — — —  '
3 lo o 1 7 6 0 / 8 / 0 1 8 6 0 / 8 0 0 / 8 3 0
S2 ©a 1 8 9  o / 930 2 0 0 0 2  ©4© I B  6 5
33oo — - — -  !
34© o — ~ — —
8&oo 2 2 8© Z 3  06 2. <?©© 2.4 9 0 2 3 78 >
36oo — — - — .. — ± :;
3 * 7 ©  O ' — — • —
iera. , rr , ■
-■V ;;'te 3 8 0 0  : p A < ^ U f l £ o F p y ^ A  p
;•v. } . -1' r- £ ? . \ ‘%i ■ I - ; / ; - . -1 j .J..?• .fj•,;;
U I t i m a t e .  l o a d  t e s t  o f  G R P  P y r a m i d  5T•
D e t  I e c 4  io n s  d o w n w a r o l .
Q A p e *  def lection, (in.* lo “ 4 i) Average?
O h ) G auge f Gauge 2 G auge 3 G au g e (inx io*4)
206 5o 71 6 2 40 56
4 oo 111 148 /3 2 8 9 120
660 17% Z2o 20 S 1 4 o i&4
006 2 2 5 273 2 60 186 2 3 8
1006 2 7 7 3 3 5 3 IX 23 / 283
1206 340 4og 3 & S :Zd <0 3 58
1406 402. 47/ 447 3 30 4 / 3  :'
16 oo 4 7 2 . STSo S i S 4 0 2 4 8 5  v
/0OO S5o 6  30 5 9 0 4 7 0 5 6 0
2000 629 7 i o 665” 5 4 0 6 36
220 0 7/2 9oo 7 S o 6 X 0 7 2 /  'fc' :
2400 800 , 8 8 5 8 3 5 6 6 2 0 0 3
26oo 800 070 9 1 5 765 8 8 s A'S
2000 968 / 060 10 0 2 040 968
3oo© /oeo 1100 1125 34-5 1 0 8 5  ’
3200 /(Bo 12 8 5 1 2 1 5 1032. 1181
34oo 1 3 0 0 1 3 9 5 1318 l / 3 o 1 2 8 6
36oo { 4 / 5 /So 6 1 4 2 0 12Z6 13 90
3800 { 5 4 8 / 6 2 X 1 5 3 0 1 3 4 0 /5*/0
4006 1980 7 7 4 0 / 6 4 S 7 4 5 S / 6 3 0
4200 /8 2 . S 1872. 1 7 7 0 1 5 8 5 1 7 6 3
4400 / 9  75* 2 0 0 6 709 6 1770 1 3 9 7
4 600 <2/00 2 1 4 5 2 0 2 5 1 8 5 0 2 0 3 8
40oo 232  0 2 3  12 2/86 2010 2 2 06
4ET ©oo 2 506 2 5 7 2 2  326 2160 2 3 3 6  ,
5200 2  7 3o 2  6 4  S .......2462 . 2  33 5 2:543 ip
5*300 F&i L=L O F  F y/?*?xv? / o
T A B L E  A  16 
U l t i m a t e  l e a d  / e s /  o f  <5RP P y r a m i d  6 .
D e f l e c t i o n s  p o j s i f i i / e  d o  u o  n  u>  <* r e f
Q Apex djefiecfid ft On* * 10“ ^) A\ier<xqe.
(It. j <44u$« 1 (Sauye 2 ^ au9 « 3 <3obu^e 4* Q mFX lo-^
Zoo 4 5 42 5 0 Ao 44
+00 80 80 9 o 75 £ I
606 //8 120 / 2  7 / / 2 1/9
800 / 56 16/ /70 f 60
IOO£> 196 20S 2/0 /03 2 0 /
12.06 238 25/ 2 S3 234 246
(4o6 284 3 OS 3/0 28a 235
I (?66 3 3 2 360 36 2 336 346
Jg6o 335 4 j 6 418 380 4 06
2,000 44o 479 47 S 432 457
2 «oo S-oo So/ SS6 4 3 0 S 07
24oo 560 6/0 606 5S*a 5  so
2 600 620 673 6 60 6o<s 6 4o
ZB00 673 7 34 7/1 65o 692.
3ao6 7 3 5 Boo 7 IS -7/6 7SS
£200 800 Si 6 842 770 8 1 /
3406 867 03 S 960 83  7 B B S
36 06 93/ / 666 36S 838 943
3800 /oo 6 / 0 80 l<>43 9 68 102.4
4 000 1075 U49 /HO /64o 1094
73LOO. /ISO 12 26 It 34 Hi 0 1168
44oo 12 iS /297 /2S6 H75 1234
4666 /29a /3 75 73 2 5 12.45 /SOB
4€?oo /3S8 /4S0 7 3 0 5 /S/2 /3 7S
Soo6 / 4 4 0 /S4a /48d /400 /46S
gaoo /S '2 a /630 /S70 /4&0 / 5*5*0
Sfroo /SB Z 17// /6 42 /SS 3 1625
S6eo /6&0 /Bo 0 172 5 7640 /7//
5600 /763 169/ /J9S 1700 /787
6600 /860 /%8S /B 70 / 7 8 5 / 8 7 5
4 Z.00 /ess Z06S 7930 /83o /B40
6400 204s Z/69 20/1 /e /6 2034*
6ioOo 2 140 22.60 ii 2030 1960 ___ 2113
6800 2 2 2 0 2 352 2156 2 0 2 0 2/87
7 Ooo 2350 24 BS 2 2 6 0 2 0 /0 22 79
7 zoo 2 43S 2630 2370 2/30 239/
74oo F-A IL.L(€ 5  o F  7*Y/Qftm/O 8£7=68 & Ot ORE LOAD ADPE-P
. Y'.Y V.FV. ?- . : Y ••Y?;/:p i 7 " 7  ‘ ' .5: Y-'V/'''. /|Y
TABLE. A 17
R e s u l t s  of c a lc u l  a t i o n s  fo r  e f f e c t i v e  s t r u t  a r e a s  
0 * f  P y  r a m i d  2 .
^ pO.K
Load
6?
Strut
Load
F
Exp,
S y
Exp.
A e
c r
Eo,.
tve
Eg..
(441)
Ae cre
Ed,. 
(4.39)
UJ<2
Eg..
(439)
Ae
Eg.
(4 .40)
tiJe
E<f* 
<4 W
4<?
(lb) bb) (1%. •) . . .  a in.. ; lb/ inf ia. in} \ w 7 in. in* iV ; £ 7 lu.
/Oo 37-Z 0.6 04/ 0. 2 66 29 : Z 2h0 ■2.9H iZ-S; 18.90 2.C 7 //. 70 1.68
200 74.4 0.0173 O.2go 58.3 (05 /.S/A 494 <9.(2 l<34 5.6 S 0.846
Zoo /I2 0.6276 0.263 87. S 6.47 1030 103 C.U 0.80? 5  79 0.589
4oo 149 0.0374 0.258 1/ 7 5.23 0.788 IS 9 4.65 0.707 2 .88 0,464
Soo 186 O.C44S D.2 7Z (4S i f  <3 6.6,44 2 8 9 3.76- o.sss 2.32 .0.386
6© o ZZ.3 0 . OS/6 0.28/ n s 3.49 0.547 4 0 8 3./6 O.Soz /. 96 0,336
7 0 0 Z(>6 O.OS&) 0.281 204 2-94 0.479 : 543 ^.74 0.444 /•76 G.ido*
8oo 2 0 8 0.0678 0.286 2 33 2.67 6.428 6 9 6 2.42- 0:400 /.5B 0.273
0 o o 3 3 5 0.079Z O.ZlS 2^Z 2.32 o. 386 668 Z./7 0. 36! /.34 OX'S!
(ooo 372. 0.0906 0.267 29Z 2.(0 6.356 I04S /•?8 0.3 39 hZZ 0.234
Uo o O.loos O.Z6S 32! 7 .9b 0.3Z8 m s /.&( 0 .3 /6 /./2 0.22/
IZOo 446 0. II 0 0 O. 2LM ISo U S 0.308 (4 4 8 i ‘68 0.298 1.04 O.z/o
Moo 5 2 / 0.1324 0.2SC 4o& /.So 0.27S l 9 i o 7Af> 0 .268 0.3! 0.19 Z
(6oo 5 0 6 O. 1596 £>.244 466 A 3/ O.Z47 2408 h 36 0.245 0.8/ 0.178
(Boo 6 To 0 . /874 0 ,2 -32: , 5 2 5 h i ? &.Z2g 2940 1.18 0,229 6 .73 0.(67
2 ooo 744 0.2/75 0 ,221 5*83 / . o S 0 .2 / / 353© 7*oq 0 . 2/5 0.67 O.IS&
Z/loo 8 3 3 O.2?6o 0.106 7oo 0 . 8 8 0 . { 8(0 4 8 o o 0  92 0.193 0. S f 0 .14 s
ZSoo 0 3 o 0.5200 0.(83 729 0.7S 0.(63 S7oo 0 . 8 S 0.183 O.Sz 0.138
T A B L E  A  1 8
Pesuf-fs o t  c a lc u fa f /o n s  t o r  e t fe c t iV - e  s f r u f  a r e a s  o f  
P y r a  m  i d  4 .
A p e x
L oad
Q
1 U  *
S+ntt
Load
F
IU*
E-X p
S v
i n . .
E x  p
A e
In
< y
J=+.
(440
L*J Q
IW>.
E * .
( 4 + 0
A e
in .
<31
W i j
Ef
(4  39) 
UJ<£
In.
E t :
(4-39)
A e
|W*
Ecp.
( 4 4 o j
L*J<2
liu
E«.,
4 . 4 a )
A e - .
/ o o
Z o o
£ 7 . 2 0,00(6 I>5(2
74.4 6 . 6 0 3 6
32. S’ F 2 0 8 7 . / 5 27.6 16.p 2,758
( 3 4 S 4 8 - 4 / 6 . 3 2 . 4 7 8 2 7 - 8 73.7 £ • 2 7 6 8. S o ( . 4 6 6
3 o o l / Z O.00  59 1 ,2 3 0 1 3 .  6 /6.g 6 2 - 0 ' 9 . / 7 7.568 5.68 / . o z f f
400 m 0 .00B6 / n s 31, 4 8. z s ( N 23 l  o s 7. os / . 2 3 8 4.36 0 .8 /8
5 o o
(boo
7 0 0
g o o
9 o o
l o o o
/ l o o
186 0.0115
<7.6145
2 6 0 0.(6178
2 9 8 0.62(4
3 3 5 o.ozs/
372 0.0289
0 . 6 3 3 /
/.OSO 
/. Ooo
0 . 9 5 Z
0 . 9 0 5
/ 2 2 6 . 5 © f . / s o /6  2 / ,  0 2 4 3*. 5 2
/ 4 * 5 4 / 0.983 2 2 7 4.* 80 0,986 2 . 9 7 0 . 602.
17/ 4 . 6 4 0 .8 6 2 3 o z 4 .16  \  0 . 7 8 8 2 , 5 8 0 . 5 4 /
( 9 5
0 . 8 4 8  2 7 6
0 . 8 3 8 2 4 4
C. gbsr 2 6 8
4 ,O S
3 . 6 6
0 .770
0.689
3 8 7 3 - 6 7  1 0 . 7 f o 2.27
4 8 6 3.3 a
3 .2S 0 , 6 5 5 5 6 8 3 . 0 3
2*04 0.597 G 8 5 2 >76
0 . 4 3 1
0 . 6 5 3
0.6/1
0 - 5 6 8
2 .o4
/ * 8 7
7-7/
0 . 4 5 6
0 . 4 3 6
0 .465
( '160
l4-oo
4 4 6 0 .0 3 7 4 0 . 7 7 6 Z9Z 2 -7 0 0 . 5 5 9 7 9 9
5 2 / 0.6464 0 . 7 3 / 3 4 2 2.32 0. 5*06 m / 2 .2 4
0 5 3 7 7 5 8 0 .3 8 4
0.4S 7 7 3 9 0 .3S S
16 0 0 5 9 5 0 .6 5 7 9 0 .6 10 4-/0 2 . 0 3 0 . 4 5 4 13/6 2.60 0.456 ( Z 3 O.33o
/ 8 0 c
2000
2 4 0 0
6 7 6 0 .0702. 0 .6 2 0 439 / •S o 0 . 4 / 3 {600
144 0,0834 0 .5 8 / 1 . 6 3 0 . 3 9 2 ( $ %
1-86 0 . 4 ( 9 / /  Z 0 . 3 / 3
0.397 0 .2 ??
2§oo
3206
2 5  oc*
3 3 3 O.U35 0 . 5 1 ( 5 8 4 { ‘3 5 0 3 4 9 2560 (.42 0.36/ 0 . 88 0.21S
1042 0 . ( S 6 ( 0 .45 / 6 8 3 / .No 0 . 3/9 32 70 ( . 2 6 0 : 3 3 5 0 . 7 8 0.260
/ /9  I 0. /96S 0.394 7 7 9
/ 3 0 3 6.2378 0 3 5 6 8 5 3
/.oz 
0 . 9 3
0 . 2 9 7
0,279
4 0 2 6
4 6 7 0
1./2 6 ,3 ( 3
(-06 O . Z 0 3
0.(69 0 . 2 4 6
o,  66 0 .2 4 1
TABLE A /9
R eso Its o f  calcu lation  s For e f f e c t i v e *  s t r u t  & reas  o f  
Fyramid S.
\ A p e x  
L OQcl
Q
STruf
Loacf
F
Exp,
S /
Exp .
A e c r
----------
m
(4.41)
u/c
E<p.
(4.41)
Ae
lb. lb. in.. \n? Ib/i** ih* . h
2.00 Tf-4 0, OoU, 0. BGs 4Z'4 22.5 3.97G
too (49 0,0(20 O.BoG 94.1 11-2 2,131
Goo 2 2 .3 0,0(84 0196 IZ7 7. 43 ■ hS/4
Boo 2 9 8 0 .0 2 3 8 0.914 U 9 5.61 hloS
I OOQ 372. 0 62 89 0.638 212 4.50 /. oz4
12.00 446 0,0358 6.8(0 254 3 .7 4 0*900
(Goo Sqs 0,0495 0. 8oo> 339 # 8 7 0.146
2 coo 744 0.04,36 0 . 76 / 4-2.4 # 2 5 O.G54
2 too 8 9 3 0,0803» 0 .7 2 3 5*8 1*87 6.593
2600 logz 0 .0968 O 7©o 53 3 1*6/ 0.549
32oo /  /  9 / 0,1181 a£ss- (o78 M( 0.5(3 |
36©© /34o 0,1390 0. &2 6 1GZ his 0 . 4 8 7
4opo /489 0.0,30 a  5g</ 847 hit 0-461
4400 1638 0.1897 0 .5 -6 / 93 Z 1*02 0.45]
t&oo l?S? 0 .2  2 ©6 0 .5 * 2 6 !01(o 0. 34 0.431
52.00 (936 0.2543 0.495 I/Of O, 87 0:4 26
53oo 19 7o 0.2 6So 0.484 t/2S o.BL 0.417
t a b l e  a  z o
Results a-f ca leu lotions 'for e f / c c f u / i £  strut (xrecis of  
P y r a m i d  6 .
* *4 pex
L o<\c(
■ 0
Strut
Load
F
Exp.
Sv
Exp.
Ae cr
Eg-.
(4.41)
UJq
fccp.
(4 AO 
A e
It:. lb. in.* , ) 6/t’x F K. IX.2'
2a 0 74-4 0,0044 l.loo 3 6.70 2 3./ 4-4/7
4oo 143 0 .0 0 8 ! /« /9S 73.4 //. 6 2-427
Goo 2.-2.3 0.0 it 9 1 726 / / o. / 7-70 /-757
Boo zee 0. 0/60'. {•210 / 46-8, sr. 78 /. 427
1 Ooo 372- 0 • 020/ I-Zoo / 63,5 4-62 1 /•2 32
1200 446 0.0246 1-180 ■2-2.0.2 3.82 1,099
i Goo 595 0.0346 1-120 293.6 2.89 0-932 ’
2 ooo 144 0.045*7 I - 060 367*2. 2.3/ 0,831
24oo 83 3 0.0580 l-Ooo 440. G 1.93 0 ,7 6 6
2 800 /042. 0 .0 6 9 2 . 0-386 *514.0 1. 6 5 O. 7(8
32oo U9i o.oezi 0-942 587.4 /•4S • 0.682
3 Goo 1340 0 - 0 9 4 9 0-92 0 660-8 / *29 0 .654
4 ooo 1489 0.1094 0-885 714.2 /./6 0 . 632
44 Oo 1638 0 .  / 2 34 0 -8 6 2 807. 6 . /* 06: 0 .6 /4
4-800 1787 0 - /3 7 9 0.845 88 / .  0 0 : 9 7 0 . 5 3 9
5200 /9 3 6 O; 7550 0.81! 954.4 O. 90 0.587
2©SS 0./?// O .79/ 10-2.8 0 .8 3 0 . 5 7 5
&0OO 2.2-34 0 - /8 7 5 6.773 Hot (7.78 0 .5 6 6
G4oo 2  383 0.2.034 0.763 1(75 0 .73 0 . 5S g
6 8 0 0 2.5 3 2 0.2187 0.15 2 1148 0 . 6 9 0. 5 5 /
7200 2 6 8 / 0 .2 .39 / 0.129 13 2 f 0 . 6 5 0.5-44
T h e o r e t i c a l  m e m b e r  l o a c f a  a n d  n o d e  d e f  l e c t i o n s  -for< s t r e s s  .e-dpS fct*t } p  
S-pace g r i d  — CTASE X , B . 7  i L / f i j  C / .O .L .
Member Loads positive tension , deflections positive, dotontoard.
Member E A  - 1
lb X I0 ~S
M em be r  
Load
C lb)
E A -  3 
lb K fO"S
M em bsr
Load
(lb)
E A - 4
«s
16 x 10
Member
Load
Clb)
2 - 5 8 8 . 0 7.740 8 8 . 0 7. 740 e& .o
5 - 5 - n o .  8 3. 240 - 2 0 / 5 /+ 830 - 2 3 0 . 5
5 - 6 157.6 7. 740 141-Z 7.740 . / 4 o . z
6 - 7 8 8 . 0 7. 746? 8 8 * 0 7 * 740 * 8 8 * 0  ;
6 - 0 -  /78-6 3. 700 -  /63. 2 /• 8 3 o -  /6 2 .0  <
7 -  3 44,0 3. 70 0 4 4 .0 3 .62  0  : 4 4 .0
8 - 8 -  186.0 4. 500 -7 2 5 0 1,830 -  1 2 /. O’
2 -A - 4 9 . 3 9,45*0 -4 9 .3 1 ,83o : -4 9 .3
2 - 5 - 4 9 . 3 / / ,  2 0 0 - 4 9 ,3 2 .6 4 0 - 4 9 .3
5 -A 9 8 .5 5. 6 5 0 9 8 .5 5 .6 5 0 9 8 . 5
5 - 6 - 2 6 8 .0 4 .5 0 0 -  285. 0 2  64-0 «. 2 8 6  0
5 -C 2 /-7 5 .6 5 0 38.8 5.6 SO 4 6 .0
6 - 6 -  273 0 4 : 5 0 0 -2 56 .0 2 .64o - 2 5 5 . 0
£~C £ 4 . 6 5 .6 5 0 24 <6 5.650 2 4 . *
6 - 0 / o r .  z 5 .6 5 0 S4> O : 5 6 5 0 8 3 . 0 1
7 -8 O -  49. 3 / / .  2 oo -  49 . 3 • 2 .640 - 4 9 . 3  '
7 -Oft s> -  4 9  3 9 . 4 5 0 - ' 4 9 . 3 / , 8 3 o -  4 9 . 3 ' f
8 -C <n -  4672 9. 4 5 0 -  6 3 . 4 1 8 3 o ~ 6 4 1  Si.
8 - 0 NCsl -  5 5 . 0 9 . 4 5 0 -  2o. 8 1.830 . -  1 8 , 3  i
0 - 0 - 4 9 . 3 9, 45o - 4 9 , 3 1.830 - 4 3 .  3
A - c - 3 3 4 .0 2 2 .9 9 0 -3 4 8 .0 2 2 . 9 9 0 - 3 4 9 . 0
S - e 2 3 5 . 0 2 2 . 9 9 0 - 2 3 /.o 2 2 ,9 9 0 2 3 0 . 0
8 - 0 O 2 2 ,9 9 0 o 22.990 O  '
C- c 7 3 . 4 2 2 .9 9 0 /24.g 22 .990 1 2 3 . 0
C - d - 7 4 . 8 22. 9 9 0 - 8 3 . 6 22 990 -  84% 2  ■
A-B / 0  6. 7 2 2 .9 9 0 / / 9 ‘ / 22 990 1 2 0 . Z  I
. y I• V Y-
. Firs?
■
v A 0  % yyy
.* - 1
’ IV ? YY'-.te
. ;*v
‘ ft ' :-Y
- '••i’Fvv',.i " V Y s ? V T ?
,'IY
Y;i Yf;
i w#:?
s’- F
/.:*s
v M
w W
pr*
:5 fj
mNjtyf
■ v iYY 
r ife.-230.S’
N o d e H e r //c o /  d e f l e c t i o n  
( i n )
V e r t i c a l  d e f l e c t i o n  
( i n )
Ve r t  i cq! d e  f  1 e c t  t o ru 
Cm)
Z O  . 0 2 5 O - 0  5 0 0 .  0 6 4 *
5 0 . 0  2 2 O . 0 7 3 O . / / 0
6 O.  0 2 0 0  . 0 7 5 O . / 3  /
7 0 - 0 1 2 0 .  0 4 3 0 .  0 8 3
3 Q .  0 2 6 O.  0 9 3 , 0 . 1 8 6  " Y
9 0 - 0 6 8 0 .  2.  0  9 0 .  3 5 6
A O .  0 3 8 O. 0 3 7 0 . 1  Z 7
D 0 - 0 2 7 0 , 0 9 5 0 - / 6 6
7ABLE A 2 2
T h eoret ica l  mem/bar Loads a n d  hoc/e a/e -fie c  lions for s t r e s s e d  - s£/«. 
s p a c e  g r id  C a s e  2  , / 4 .  5  l A . / f t F  Cl. D . L .
Member loads pas i t i ue fen  s/on f c /e f l  e c t  ions p os it iv e  downward.
2 7 8
M ember EA -  /
(/fex /o“ s)
Member
Load
Ob)
E A -  3 
( / k * . l o 'B)
Member
Lood
C/b)
E A - 4  
( I k x /£>-*)
Member
Load
(lb.)
2 - 5 A 1 3 2 .0 7. 740 132 .0 7.740 1 3 2 .0
5 - 5 - 2 5 * . / 2 . 5 0 0 - 3 0 4 .0 1 * 8 3 0 -  3 0 5 . 0
5-<o 235TO 7. 740 2 / / .  0 7 7 4 o 2 /0 * 0
6 - 7 1 3 2 .0 7, 740 132*0 7. 740 132*0
£ - a - 2 6 8 . 0 2.500 - 2 4 3 .9 1*830 - 2  43.9
7 - 9 6 6 . 0 3 . 5oo £6 . O 3*620 6 6 . 0
8 - 8 - 2 8 0 .0 3 .5 0 0 -184. 0 /. 830 - / 8 / . 0
2-A -  75 *  e 7.000 - 7 3 . 8 1 * 8 3 0 - 7 3 8
2 - S -  7 3 * 3 1/ . ZOO -  78. a 2*G4o -7 3 -8
5 -A 147*6 5 . 6  So 147. 6 5.6So 147.6
5 -a -  4 o l .O 3 .5oo -428. 0 2.G4o -430 .0
5 -C 32.  6 5 .6 S0 59. Z 5.650 6 0 . 0
6 -B -  4 / / 0 3 . Boo -384 *0 2 .6 4 0 -  383.0
6 -C 0 3 6 .9 5 . 6 5 o 36 .9 5.650 36.9
6 -D 0)01 / 5 2 . 0 5 . 650 /2 5 . 0 5  65o 124.5
7- S «ryi - 7 3 - 8 / / ,  2 0 0 - 7 3 . 3 2.64o -7 3 *8
7-0
' i
w -  7 3 .8 7. Ooo - 7 3 . 8 J*83o "73*8
S-C - 6 9 . 5 5 6 5 0 “ 96.0 !*83o - 9 6 . 9
8 ~D -8 2 .5 * 9 .4 5 0 - 29 .0 l * 8 3o - 2 7 . 5
e - o - 7 3 .  8 7 . 0 0 0 - 7 3 . 8 1*830 -73.8
A - e -5 0 3 .0 22.99O - 5 2 3 0 22. 0 9 0 -524 .0
S - c 35*2.0 2 2 .3 9 0 346.0 2 2 .9 9 0 34 6 .0
B-D O 2 2. 990 0 2 2 . 9 9 0 O
c -C ! / 9 . o 22. 990 190 . 0 2 2 .9 9 0 ! 9 2 * o
c - p V . - / / 2 . 0 22.990 - 1 2 5 .8 2 2 .9 9 0 -126*2
A -b /GO. 0 22 .990 n  9 . 5 22.990 /SO. 2
Node. Vertical D eflection  
(in*)
Verti cal Deflection, 
C in. )
V-er*Kcaf Deflection. 
( in.)
2 O* 0 3 7 0 . 0  76 0 - 0 9 5
S O, O 33 O- /3 6 0*177
6 O. 0 2 9 £ . / 4 6 O. 19 6
7 0 .0 1 8 0 . 0 8 3 O* 124
8 O . 0 3 9 O, /9 6 0.278
9 O , l o 2 0 . 4oo O.B3S
A O. 0 5 7 O . /£ Z O. /S o
D 0 . 0 4 0 0 . /g g 0 .2 5 0
2 7 9 ;
T h e o r e t i c a l  l o a d s  a n d  n o d e  d e f l e c t i o n s  / o r  s t r e s s e d -
S k m  s p q c e  g r i d  - C a s e  3   ^ 17 .6  I k / f t ? *  U .D .L .
M em ber lo a d s  p o s i t iv e  tension, f d e f l e c t i o n s  positive, downward.
T A B L E  A  2 3
Member EA - 1 
f tkx icT5)
Mew t  e r  
Load 
Clb)
E A -  3 
( I t *  lo
Member
Load
Ok)
E A -  4- 
( Ib x  10“ * )
M em b er
Loqd
Ob)
2 - 5 IGO.O 7 .7 4 0 160 ,0 7. 7V<7 / 6 0 . 0
-3 /0 -  2 2 *3 0 0 — 3 6 0 . 0 l - 8 3 o - 3 7 0 0
sr- 6 2 8 5 .0 7 .7 4 0 2 5 0 . 0 7 7 4 0 2 5 5 . 0
6 - 7 tGOto 7.740 iGO.O 7 .7 4 0 iGO.O
6 - 8 -  3 2 5 .0 2 3 e o -  2 9 0 . 0 /. 8 3 0 -  2 9 5 . 0
7 -9 8 0 . 0 3 .3 o o 8 0 . 0 3 .6 2 0 8 0 . 0
8 - 3 -  339.0 2 . 3oo -  2 o/.O /. 8 3 0 - 2 2 0 . 0
2 - A - 8 0 . 5 6 . //O -  8 9 . 5 /. 830 -  89. 5
Z -B - 8 6 . 5 / / .  200 — 8 9 .5 2.640 -  8 9 . 5
5 - A 173.0 5 :565 I7a. 0 S. 65o 179.0
5 - B -4 9 7 .0 3 . 3 e© -  5 2 6 . 0 2.64o -  5 2 0 . 0
5 -C 3 6 .4 5 . 5 6 5 7 8 .0 5 .6 So 72 .  8
6 - B -  498 .0 3.3oo - 4 5 8 . 0 2.64o - 4 6 5 . 0
G - c 4 4 . 7 5 5 6 5 4 4 .7 5.65o 4 4 .7
G -D 0 184.1 5 . 5 6 5 146 . 0 5 .6 5 0 / s / . o
7-B - 8 9 . 5 //. 2 o o -  8 9 . 5 2 .64o - 8 9 . 5
7-D « - 8 9 . 5 G. UO - 8 6 . 5 /. 830 -  8 9 . 5
8 -C S\i - 8 4 . 2 5 . 6 5 0 -  1 2 2 .8 /. 830 -  //?. 3
8 - 0 - 100.0 9 .4 5 0 -  2 2 . 8 1.830 -  3 3 .4
9 - 0 - 8 9 . 5 6 . MO -  8 9 .5 J.83a - 8 9 . 5ui< - 6 /0 . 0 2 2 . 6 6 0 -  6 39 .0 22, 99O - 6 3 5 . 0
B - c 4 2 6 .0 2 2 .9 9 0 4/8 .0 2 2 . 9 9 0 4 / 8 . 0
B -0 O 2 2 .9 9 0 0 2 2 . 9 9 0 O
c - c 144 .3 2 2  690 247.0 2 2 .  9 9 0 2 3 3 . 0
c - o - 1 3 5 .8 22.990 - { 5 6 . 0 2 2 .6 9 0 - / 5 3 0
A - a 134.1 22 .690 2.22 .0 2 2 . 9 9 0 2 / 9 . 0
Node Vertical Deflection Cm)
Vertical Deflection, 
(ID)
Vertical Detlee-fjbn, 
Cm)
2 0. 0 4 5 O. 095 0. //6
5 O. 040 O. / 77 0. 2 /4
6 O. 036 O • /8 9 0, 237
7 O. 048 0. 240 0.302
8 O, 047 O, 254 0. 338
9 0.124 0. 505 O. 64 8
A 0 .069 0 .208 0 . 2 3 0
D 0 . 0 4 8 0 . 2 4 0 0 . 3 0 2
Thcoret/oa /  m e m b e r  loads and node do i / e c f / o n s ’ for stressed-sk i r t ,  
s p a c e  g r i d  -  C A S T  4~ -  /OO j b  @  n o d e s  2 ,  5 ,  6 , - 8  .
M e m b e r  l o a d s  p o s i t i v e  ~hsr}srort* f d e  / V  e c t t o r ?  s  p o s i t i v e .  d  o  c o  n lo a. r d  .
2 8 0
T A B L E  A Z 4
Member E A  -  1 
(Ibx 10" S)
Member
Load
(lb)
EA -  B
f ib *  n r* ;
M em ber
L o a d
(lb)
E A  -  4  
f lbx  10 ;
Membe r 
Load 
(Ik)
2 - 5
1 /0©. o 7 . 7 4 0 l o o .  © 7 . 1 4 0 /OO. 0
5 - 5
/1
- 3  21.6 2 . 2 5 0 - 3 4 9 . 0 / . 8 3 0 - 5 6 3 . 0
5 - 6 139 .2 . 7- 74© 1 2 5 * 0 7. 7 4 0 / / 6 . o
6 - 7 o 7.74© O 7. 740 o
6 - 8 -  /83. 2 3. 420 -175 .  O 1 . 8 3 0 — /66 .  o
7 - 9 O 3 . 6oo O 3 . 6 2  0 O
8 - 3 -3 5 6 -3 2.25© - 3 0 2 . 0 /• 8 3 0 - 2 6 2 . 0
2 - A - / / / •  8 5.65© -  HI.  8 /• 83© -  ///. 8
2 - 3 - ///. 8 9 . 4 5 0 -  Hi.  8 Z . 6 4 0 -  ///. 8
5 - A ///. 8 5.65© M L  8 5 . 6 5 0 ! / / * 8
5 -B -4 0 3 .4 3. 6<?o - 4 1 9 . 0 2.640 -  4 3 0 .0
5 - C 6 3 .0 5.650 8 3 .  4 5 .6 5 0 9 4 * 4
6 - 6 - 267.4 4 * 8 5 0 - 2 5 2 . 0 2 . 6 4 0 - 2 4 / .0
<b~c ON - 55-9 9 . 4 5 o - 5 5 . 9 /• 830 - 5 5 .  9
6 - 0 ON 99.7 5 . 6 5 0 84* 3 5 . 6 5 0 73.3
7 - B W o 9 . 4 5 0 o Z . 6 4 o ©
7 - D © 9.45© o / *83o 0
9 - c -  t z . / 9 . 4 5 0 “ 27.5 /. 3 3 0 - 3 8 .5
8 - 0 - 199. € 3 . 4 2 0 -/69. O /. 830 - /47.o
9 - 0 o 9 , 4 S o O /. 830 ©
A - C -396.6 2  2. 99Q -4 0 8 .  o 22 .990 — 4 / 6 . 0
B-C 389. / 2 2 . 99o 3 8 6 . 0 2 2 . 990 3  8 3 .0
• B-D o 22.990 © 22.990 O
c  -c 6 5 . 0 22.990 106. o 2 2 . 990 1 3 5 . 0
C - D .. ir ........... s t . s 2 2 . 990 43 .  S* 22. 990 37. 8
A - B 2 23.3 2 2 .99© 2?5!o 22. 99© 2 4 3 .0
Node
Vertical Oat I ect ion. 
(• ”.*)
Vortical Deflection, 
(i h.)
Vortical Deflection, 
(in.)
2 O. e>4  i O./is O. 16 O
5 O .  © 3 5 0. 142. 0 .  / £ 7
6 O. 02 4 O. 0 9  2. © .  / 4 Z
7 O. oao -  O* Oo4 a .  a o r
8 O. 034 o .  / 4 7 a .  2 / 7
9 O .  0 3  9 © .  0 8 6 0 .  / 5 6
A O .  © 6 © © . 2  0  4 0 .  2  5 /
D O. 0 2 . 2 . O .  0  7 5 O. i ZZ
T A B L - E  A Z 5
Theorel/ cq/ member loads ar>d node deflections for stressa d- skin, 
spac® g r i d  _ CASE S’ } /4.S- J h / n ?  U . D .  L.
Mem bar* loads po&i TV i/<2 dQ. f/ Ccfeo yoos/t/Ve do ton ujarc{.
Member E A  -  1
( lb x lo ~  )
M«mbe r  
L oad 
Clb)
EA - 3 
( l b *  io 'E;
M em ber
Load
dto
E A - 4  
( |b x  lo"5!)
Member
Load
Ufa)
2 - 5 1 3 2 . 0 7 . 7 4 0 1 3 2 - 0 7 .7 4 0 1 3 2 . 0
5 - 5
J '
- 2 6 2 .3 2 . 7 9 0 - 3 1 2 . 0 1-830 - 3 0 6 - 0  ;
5 - 6 2 3/. 9 7- 7 4 0 2 0 6 . 5 7 . 7 4 0 2 1 0 . 0
6 - 7 1 3 2 . 0 % .74o 1 3 2 . 0 1 -7 4 o 1 3 2 . 0
6 -  8 - 2 4 * . 3 2 . 7 9 0 -  2 4 0 . 0 1 -8 3 0 -  2 4 3 .0
7- 8 4 6 .o 3. ( , o a 6 6 . O 3 . 6 2 0 6 6 . 0
8 - 8 -  267-4 2 . 7 9 0 -  167-5 1 - 8 3 0 -  1 7 9 . 5
2-A - 7 3 . S 7 -0 0 0 -  7 3 . 8 A 8 3 0 - 7 3 . 8
2 -  8 -  73 8 I I .  2 0 0 - 7  3 . 8 2 . 6 4 0 - 7 3 - 8
5 -A 14 7-6 5 .6 5 0 147.6 , 5 .6 5 0 147- 6
5 - B -  4 0 4 - 9 3 -60 0 - 4 3 3 . 0 2.640 - 4 3 0 . 0
5-C 3 5 9 5 -65 0 6 , 3 . 8 5 . 6 5 0 6  0 . 5
6 - B - 4 6 6 . 8 3.6 0 0 -  3 7 9 .0 2 . 6 4 0 - 3 8 2 . 0
6 ~ C .....  <\ 3 6 .3 5 .650 3 6 . 9 5 . 6 5 0 3 6 - 9
6 - D m / 4 8 . 5 5 .6  50 1 2 1 . 0 5 . 6 5 0 1 2 4 . 0
7 - 8 * - 7 3 . 8 I I - Z o o - 7 3 . 8 2 . 6 4 0 - 7 3 8
7 - 0
'N
-  7 3 .8 7. OOO - 7 3 - 8 1-830 - 7 3 . 8
8 - C - 72 .8 5 . 6 5 0 ~ 1 0 1 .0 1 . 8 3 0 - 9 7 .4
8 - 0 - 7 5 .7 5 . 4 5 0 - 1 9 . 8 1 - 8 3 0 -  2 6 . 6
9 - 0 - 7 3 . 8 7. 0 0 0 - 7 3 . 8 1 - 8 3 0 - 7 3 . 8
A -e -4 6 9 .2 2 2 .9 9 0 - 4 3 2 . 0 2 2 . 9 9 0 - 4 8 9 . 0
8 - e 3 8 7 - 7 2 2 . 9 9 0 3 8 0 .0 22 .990 3 8  h  0
8 - 0 I2 7 -2 . 22 .  990 1 2 1 -0 2 2 .9 9 0 1 2 1 . 7
c - e 2 0 0 .  8 2 2 .3 9 0 2 7 1 - 0 2 2 .9 9 0 2 6 3 . 0
C-D V - //3  • 8 2 2 .9 9 0 - 1 2 8 . 0 2  2.990 - 1 2 6 . 5
A - 8 /2 6 .  2 2 2 . 990 1 4 9 . 0 22 .990 1 4 6 . 0
Node Verfi'eql Deflection 
C ini
Vertical Deflection 
Cm.)
Vertical Deflection 
C In)
2 0 . 0 3 2 0 . 0  73 0. 091
5 0 . 0 3 3 0. 132 0. 176
6 0 . 0 33 O- <4/ 0.200
7 0 . 0 2 4 0 . 0 8 4 0. 130
8 0 .0 4 3 0 .  171 0. 282
3 O. II1 0 . 3 8 6 0 .5 4 3
A 0 -0 5 3 0 .157 0. 186
0 O. 046 0.181 O. 255
T A  B L E  A  2 G
2 8 2
Theoretical m e m b e r  loads -for s t re s s e d -s k in  barrel 
Under uniformly distributed food o f  /  .*
M e m b e r  L o a d s  -  p o s i t i v e .  t e n s i o n .
Member EA - /
(7b x io‘ B)
Member
Load
(lb)
E A - 2  
(IIdk to"3)
Member
Load
(lb)
8 -7 i - 5 . 8 0 * 8 9 0 -  5*8
8 - 9 o 2. 72© o
8 - G 2 3 5 .0 4- 570 240*0
7-G 2 .8 4*570 2*8
7 -6 1.0 2 .720 1*0
J -  <9 - 8 8 8 . 0 / 6 .820 -  995.0
9 - G 3/8.© 4.570 360.0
9 - H O 2. 720 O
9-10 /Q4.o 5. 430 263.0
G - 6 - 9 . 2 /. 700 » 9 . 2
G - H 2 . 0 / 8 . 820 15*4
G - io 3 3 . 8 4*570 -  8 . 9
G -F 5 3 . 6 /8* 820 3 5 . 5
G -  II -  2 6 /  ■ O /* 780 -202 .0
G -E -275*0 18.820 -3 7 7 .0
6 -  // -  22.6 1*780 - 2 2 .6uiivS 3 5  4 4* 570 35.4
6 - 5 - 2 / .  5 0 .3 9 0 -21. 6
H -IO -  /<37.o X* 780 -197.0
H - F -  635.0 18.820 -725.0
10-10 57.0 5.430 52 .8
fO-F / 6 9 . 0 4 5 7 0 222 0
: / o - i i 0 -  /SO.O /. 780 -75 .6
F - II «NOn / 3 2 0 4. 570 89 .5
F - E CD - 2 8 . 8 18.820 -56.0
F ~ /Z. Nre -144. O I. 78o -133*0
F -  D - 33. / 18*820 -4 6 ./
/ / - & -  / 8 . 9 /. 780 26.9
//  - /Z -3 5 9 .0 /. 780 -211*0
E -  5 /7./ 4* 570 17*1
E -  12 134.0 4*570 143.0
£ - D -13*1 1 18.820 - 108.0
E- 13 -  4 .0 4 4.570 < 76.0
E -  4 15.0 4*570 15.0
E - C  * -1 /2 0 18.810 -337.0
5 - 4 - 8*24 0.890 -8 .Z
/2.-/Z. -2 4 0 .0 /.  780 2 8. 2
v a  u  14
( C o n f i n u e N )
T A B L E  A 2 6  ( c o n + i n u e d )
Member Lo ad s  -  pos i+ 'ive -tension
Member- E A -  1 
( I b x io - 5 )
Member
Load
f ib )
E A -  2
( Ibx I0 '5 )
Member
Load
Ob)
12- D - /87 . O 1 . 7 8 0 - 1 1 0 . 0
12-13 -5 0 0 * 0 /. 780 - 2 4 5 . 0
D - 13 / 7 8 .o 4. 570 72.5
D - C / / *  2 /8. 8 2 0 - 7 0 4 . 0
D - 14 2 o .o 4 * 5 7 0 7 4 8 . 0
D - B -  2 /2 .0 18 . 8 2 0 - 4 3 0 .0
13- 4 -  5 9 -5 /* 780 - 5 9 . 5
13- C -  292.0 /. 7 8 0 - 7 0 9 . 0
13-14 -  1 7 3 . 0 / . 7 6 0 - 2 / .  5
4 - C 67- 3 4 5 7 0 67. 5
4 - 3 -  3 4 .6 0 .890 -3 4 * 6
<2-3 33- 8 4 5 7 0 33* 9
c - 14 96.5 4 . 5 7 0 3 6 .5
C- B 1 7 . 0 / S . 8 2 0 52.9
C -IS 2 t l . O 4 * 5 7 0 296.0
C - 2 5 / .  5 4 . 5 7 0 5/- 6
C-A - 463. o / 8 .  8 2 0 -6 9 2 .0
3 -2 - 2 4 . 3 o. 8QO - 2 4 . 3
14-14 0 - 3 4 . 6 /  • 780 7*Z
1 4 - B cn -3 8 .2 /. 780 2 5 . 4
14-15 •I V -8 2 .0 5 . 4 3 0 128. o
B - 1 5 U)\ 4  . 5 0 /* 7 8  O - 7/ 5
8 -  A 13.10 /8 .8 2 0 -  30.3
B-B 0<*■1 / a . 8 2 0 -596.0
B-16 /0 . 5 4. 5 7 0 1 9 9 . 0
1 5 -2 - 8 8 . / 7 * 7 8 0 - 8 8 . 2 ,
IS-A / 6 . 7 4 . 5 7 0 /5 7  0
\5~\6 1 / 9 . 0 5 . 4 3 0 2 7 6 . 0
2 -A 74* 5 4 . 5 7 0 74*6
2 - / - 3 5 . 8 0.89 O - 3 5 . 8
A-l -f/.O j 570 41-3
A-16 7/. 7 4* 5 7 0 3* 78
16-16 Y 8 8 . 5 5 . 4 3 0 9 4 . 8
TABLE A 27
7 h e o r e t i  c a ! v e r t i c a l  n o d e  c l e f  l e c t i o n s  t a p  s t r e s s  erf- skin, b a r r e l  
V a u l t  u n d e r  u n i f o r m l y  d l  s f  r ib u t ' e . c j  l o a d  o f  /5  Ik 1 f t .
D «? //ecr io -’75 p o s i t i v e ,  d o w n w a r d .
2 8  U
N od< 3
T h e o r e  H c o !  Deflection Oh)
E A -  ! E A - Z
1 o .  / s e 0 - 6 / 7
2 O. 1 3 2 o .  4 4 0
3 0 . 0 7 7 0 . 3 5 6
4 0 . 0 4 5 o .  151
5 -  0 . 0 3 3 - 0 . 1 8 1
6 -  0 . 0 0  7 -  0 . 0 5 3
1 -O.OQ7- -  o . o / o
a O o
9 O o
l o -  0 .  0 0 5 -  0 . 0 3 2
f t - O . 0 0 7 -  o .  0 5 6
t z O. 0 0 3 - 0 - 0 2  2
13 O .  0 3 Z 0 - / 0 4
/ 4 O .  0 6 8 0 . 2 5 7
1 5 o .  / 0 6 0 . 3 7 3
16 0 . 1 / 5 0 . 4 / 6
A O . / 2 5 o . 4 3 1
3 O .  0 9 4 o . 3 5 Z
c 0 . 0 6 3 0 . 2 3 3
D 0 . 0 / 6 O. 0 4 3
E -  O . 0 0 8 -  0 . 0 7 4
F -  o .  0 0 3 -  0 . 0 3 8
G o * o o 4 o . o o  /
H o o
J o o
2 8 5
E x p e r i m e n t a l  s t r a i n s  m m e m b e r s  o f  s t r e s s  e d  - sk in ,  s p a c e  
9 r « 4  , C o r r e c t e d  fo r  g a u g e  f a c t o r -  2 . 16 .
C A S E  I .  9 J  i b / f t *  U . D .  L .
s t r a i n s  p o s i t i v e  t e n s i o n *  .
T A B L E  A  2 8
M e m b e r P osi tion Corrected strum ( +  *t-) Axi#/  B a n d in g  s t r a i n
o f  3a«3« T e s t ! 7<?s< 2 T e s t  ! 7 e s i  2
A  - e 312. 2 T -  3 4 -  / 6 + 2 2 ?  5 6 + 3 0  £  4 6
s + 7 8 + 7 5
\ i  Cu
r -  3 d - 1 2 7 - / 2 / i  2 2 -144 £  n
3 -  / 4  3 -160
V < L r * 9 4 + 7 0 +  9 8  + 4 +  8 2 + 1 /
3 + 1 0 2 + 9 3
B - D
2 23
T - 5 4 -  3 9 1 0 + 4 5 - 2 + 3 7
B + 3 5 + 3 5
c  ~c12 ti T + 5 6 + / 7 + 5 6  ± 0 . 5 4 3 4  + 16IA j f
B + 5 5 + 5o
C - Da  23 T - 4 3 - 3 9 _ 3 8  + IQ - 1 2  + 2 8
8 - 2 8 + /6
B - 6 - 7 r - - 2 6 8 ~ 2 8 3 ±  IS
8 — - 2 9 8
N o d e :  S a g g in g  m o m e n t . - f f )  t H o g g i n g  m o m e n t  : ( - )
C h e c k  < 3a u < s e s .
Member f is it io n  
o f  gau ge
C o r r e c te d S+rain (/<• St.J
T e s t  / T e s t  2
4 U- 8 , T
8,  -  C(2 T
8  a -  A t T
2 8 6
E x p e r i m e n t a l  d e f l e c t i o n s  o f  s k i n  Space  g r i d ,
c o r r e c t e d  f o r  s u p p o r t  m o v e m e n t  .  C A S E  1 9 3*7 l h / f £? 4/0.2.
t a b l e  a z b
D e f l e c t i o n s  p & s i f i  y e d o w n w a r d .
N o d e Test V e r t i c a l  D e f l e c t i o n  ( c m . )
N&. Q u a d r a n t  / Q u a d r a n t  2  Q u a d r a n t  3  Q u a d r a n t  4
A 1
2
0 . 5 3 8  
O * 5 5 5
0 . 7 6 4
0 . 7 3 /
B / 0 Q 0 0
2 o a  o ©
C 1
2
0 - 5 / 0
0 .4 3 0
0* 8  36  
0. 5 6 0
D 1
2
0 . 6 1 5  
0 .  4 2 ®
0 * 6  3 6  
0 . 5  6 4
a i 0 . 4 2 5 0 . 5 / 6  0 . 5 2 0 0 .  6 9 2
2 0 . 3 4 / 0 . 4 6 0  0 - 4 9 / 0 . 6 6  0
5 i £ .4 9 3 0 .5 5 9  0 . 4 4 0 0 . 6 9 6
2 0 . 3 5 0 0 . 4 / B  0 * 5 0 4 0 - 5 6 3
6 / 0 . 4 6 8 0 . 5 0 6  0 . 4 8 7 0 . 6 0 9
2 0 . 3 5 7 0 . 3 9 8  0 . 3 5 7 0 . 5 0 3
7 / 0 . 4 1 1 0 . 4 8 6  0 . 3 6 2 0 . 5 6 7
2 0 . 3 0 2 0 .2 9 4  0 . 3 2 4 0 . 3 9 7
a s
2
a. 5 5 7  
o . 4 S a
0 . 6 3 3
0 .4 3 3
N o t e : N o d & s  3  e n d  & /@y L e f w e e n  f u a d r a  n t s 2 “3 a n d  i - 4 .
2 8 7
E x p a r i m a n t a /  s t r a i n s  ih  m e m b e r s  o f  s t r e s s e d -  skit% s p a c e  g r i d ,
C o r ra c + e d  f o r  g a u g e ,  f a c t o r -  2  a i  6  .
C a s e  z  , 14. 5  /£//<*? U-D-L -
S f r c i i  n s  p o s i t i v e ,  t e n s i o n . .
T A B L E  A  3 0
Member R>siti<m C o r r e c t e d  S t r a in  (p . s i t . ) Axial  $ Bend/ng Stra in  ( p . s t . )
of gauge. T e s t  / 7 ^ £  2 T e s t  / T e s t  2
/4 - B 0n  Z T
3
- 28
-h l o z
-32
4 / 3 0
ff 3 7 ff 6 5 ff 4 9  ff 8 /
A - c „  
1%
T
B
-  1 9 /  
- 2 / 8
-  1 0 /  
-  2/4
„  2 0 5 £  14 - 2 0 3  ±  12
B  - C  z /z T
B
1 /24 
1  1 4 5
1 / 2 4  
1  /S5-
1  / 3 5 >  / / ff / 40 7 76
B - £>
Z  2 3
T
3
-  4 6  
4 3 9
- 6 5  
1  72
- 4 + 4 3 ff 4  ff 6 0
C - C  12 34
T
3
1 4 o  
+  1 0 2
4 5 4  
4 113
4 7 /  1  3/ f f 8 4  ff 3 0  !
C  - D  /a 23 T3
- 6 7
0
- 4 5  
-  /
- 3 4  +  3 4 -23 + 22
B - 6 - 7 T
3
- 4 4 O
- 524
- 5 / 9  
- 4 8 1
- 4 S 2 ± 4 2 -  5 o o  7  IB
N o t e  : Sagging Momen t :  ( 1 ) 9 Hogging M om e n t  : ( ~ )
CHECK <3 ftUGEg
M ember Fosl+i'on C o r r e c t e d Strain.
e f  gauge 7 i s i  1 T e s t  2
A /2^ B t T - 2 o -  2 5
8, - Ct2. T ff 1 6 4 4 / 6 8
B 3 - Da3 T -  3 7 - 3 9
2 8 8
T A B L B  A  3 /
def/actions o f  s tress#*/-  skin space grid t co rre c te d  /o r 
Support movement _ CASE 2., 14.5 Mo./ft? (J.D.A.
De-f lect ions posit ive, down w a rd .
Node Test V e r t ic a l D e f/e e f  ions Ccm.)
No. Quadrant / £?(/adr<* wrf 2 Quadrant 3 Quad rant 4*
A 1
2
0 . 7 9 8
0 . 7 7 /
A / & 6  
A /4 5
B I a 0 0 0  .
2 © O a °
C /
2
0 . 7 / 6  
O . U 7
0 . 8 7 7  
O. 7 8 2
JD 1
2
0 . 752 
0 .765
0 .8 5 4 -  
' 0 . 8 0 6
2 /
2
0 . 5 2 7
0 .4 7 6
O. 6 7 6  
0 . 6  33
0 .7 /0
0 .7 8 6
A 0 2 9  
1 . 0 / 3
5 /
2
0 .5 5 4  
0 . 5 6 /
0 , 6 5 4
0 . 6 4 3
0 . 8 4 9  
0 .7 9 5
0 . 9 6 6
O . B o i
6 /
2
0 .568  
a . 5 2 3
0 .& & &
0.51*3
0 .6 7 9
0 .6 7 3
0 . 8 7 7  
0 . 7 8 1
7 /
2
0 . 4 9 2  
0  *482
0.499> 
0.4$  3
£ .5 6 9
0 .5 4 0
O. 7 5 5  
0 . 7 / 4
8 /
2
0 . 7 4 9  
0 .  7 4 9
0 . 8 / 7
0 . 7 6 7
/V© 6e:  N or/q s  D a n d  3  / Q y  / b e t w e e n  q u a d r a n t s  £ “3  o > n d  1 - 4
2 8 9
E x p e r i  m e  n t a /  strain s  i n  m e m b e r s  o f  s t r e s s e d * :  s k < &  sp ace  g r i d ,  
C o r r e c t e d  - f o r  g a u g e .  f q c f o r  -  2 . / 6 .
C A 5 E  3  ,  / 7 . 6  / £ / A f ?
S t r a i n s  pass* 4/ve t e n s i o n . .
T A B L E . A  3 2
M e m b e r ^ a i  t  i o n  
o f  g a u g e
C o r r e c t e d  S f r a i & u  C p . s f . ) A x / a /  0  R e n d i n g  S t r a i n ,  ( p - s f )
T e s f  / T e s /  2 . T e s t  I T e s t  2,
A  ~  B
12. g
7 *
B
-  2 7
4  / 4  4
— +  5 ®  +  S 6 - —
A  -  C
I5t <2.
T
B
~  2 / 6  
-  2 5 4
— - 2 3 5  t  / 9 —
B 2  13.
T
B
- M  7 3  
f / 8 5
— 4 - / 7 9  7  6 .—
B  -  0
^  2 3
T
3
- 6 7  
4  7 6
— 4  7 2 —
e  -  o
/ a  3 4
T
B
*4 £ 5
■ b l S S
— 4  / o o  7  3 * 5
—
C  -  D  
/ a  23 r
B
-  5 6  
4  2 6
— ~ / 5  7  4 / —
B - 6 - 7
T
3 i 
i 
5
s 
N
j 
 ^
0
 
te 
in
— - 6 S 7 f —
N a t e :  S a g g in g  M o m e n t  : ( F )  , ^ ° 9 9 / V i g  M o m e n t  : ( t )
C h e c k  g a u g e s
M e m b e r - P o S i T i o n  
o f  g a u g e
C o r r e c t e d  S f n a / n .  ( p -  * £ • )
T e s t  / T e s t  2 .
^ i x ~  ® i T • f  /  3
—
® r  “  ^ 1 2 T 4  2  2  6
*-—
B a -  R g 3 T - I T —  1
2 9 0
T A B L E .  A  3 3
E k penman fa I d e f l e c t io n s  o f  s t r e s s  ©d- skin* xpac&  g r i ‘d , corrected  
For support m ovement } CASE 3 > 17.6 Ib./ft* U.D.L.
D e / lections positive  d o w n w a r d .
Node l e s t Vertical  D e f l e c t i o n .  C c m )
No. Q u a d r a n t  1 Q u a d r a n t  2  Q u a d r a n t s Q u a d r a n t  4
A / A O B f A 5 4 3
B i a O o Q
<2 I 0 . 9 / 2 / . / O Z
£> 1 O . 9 3 5 1 . 0 9 7
2 1 Q. 6 6  2 O. 9 / 7 A 0 5 3 A 3 0 0
S' I 6 .  7 2  3 O.  8 3 7 /. 0  4 6 A / 7 7
6 1 0  . 7 3 7 O' 7 3  4 O. 8  6 8 / . 0 6 S
7 I 0 . 5 5 7 0 . 5 9 7 0 . £>65 O. 9 2  5
8 1 0 .  9 7 5 / .  0 3 4
N o t e ;  Nodes D end & Idy between c^ UQdra r?ts 2-3 and 1-4.
7 ~ A B L £  5 4
E x p e r t  m a n t a /  s t r a t h s  in, m e m b e r s  o f  s t r e s s  e<J- sk'n-u s p a c e  g r / d  f 
C o r r e c t  e d  -for g a u g e  • f a c t o r  -  Z . / 6
CASE 4 ,  loa lb. at nodes Z t S, 6 And 3 .
S t r a i n s  p o s i t iv e  tens/o/L
M e m b e r Rjsitiari £ot-rec+e.d s+raitt ( p .  s i . ) >4xia/ £ Bending Strom.  (p-sfaO
of 9Qage T e s t  1 T e s t  Z Tesd / T e s t  2-
A - B/■Z- z
T
B
4 U 
4 1 3  7
t z
+ 1 2 5
1 7 4  7  63 + 6 4  ff 6 Z
A l "  r i TB
-  1 0 6  
-  1 8 8
-  /OS 
~ / 8 6
- 1 4 7  ±  41 ~ / 4 8 ± 4 o
B2- r i T3
1 /5 8  
1 / 76
4 1 4 6  
4 1 7 3
4 / 6 7  ff 9 4 / 6 0 7 14
V  r i
T
B
- 4 Z
4 1 3
- 6 3
0
- 1 1  ff 3 0 -  32  ff 3 2
C  -  C1 a 34
T
B
t  2 2  
+  3 8
O
+  2 8
1 3 0  ff 8 f f / 4  ff 1 4
C ~ T>
12. ZM
T
B
ff  14  
l 9 5
1 / 9  
l  93
12T.5 ff 4 0 f f 5 6 +  3 7
3 - 6 - 7 r
B
- 3 / 3
- 2 8 4
- 2 9 2 .  
_ 2 6 3
- 2 9 9  ff / 5 . 2 8 0  1  12
N o t e :  S a g g in g  m o m e n t  : ( + ) ,
CH ECK G AUGES
Member fosifion 
o f  gauge
C o r r e c t e d  afra id  (^4.s t j
T e s t  1 7 e s l  2
^/a~ ®» T -  7 -  9
B , - <?,* T 1  / 7 6 1  / 7 7
83  - d >£ S r -  / 9 - 2 5
2 9  2
E x p e r im e n ta l  d e f l e c t i o n s  o f  s tressed -  skin, space g r i d , corrected 
-for support m o v e m e n t ,  EASE 4 f /  0 0 /b. a t  nodes 2 , 5 ,  <6 and  8.
T A B L E  A  3 5
De.flcQ.-fions positive down wa rd.
N od e 1e s t V e r t i c a l  D e f t e c t / o n C em .)
No. Q u a d r a n t  /  Q u a d r a n t  2 Q u a d  r a n  ^2  Q u a d r a n t  4
A / O . 8 2 4 J. 0 9 /
2 0 .  8 0 S /. 0 5 7
B / O 0 0 0
Z O 0 0 O
C / 0 . 5 8  Z 0 . 6 7 2
z 0. 5 * 4 0 .  6 3 3
D / 0 .  3 8 6 0 . 4 6 3
2 0. 3 7 5 0 . 4 4 9
2 / O. 5 6 5 0 . 7 4 8 0 . 7 8 6 / .  0 9 /
2 0 . 5 9 2 0 . 7 4 3 0 . 7 6 5 /.  0 6 4
S / 0 .  5 2 7 0 . 6 0 9 O. 6 3 9 O  * 8 0 6
2 0 - 5 5 0 0 . 5 6 6 0 .7 / Z 0 * 8 3 5
6 / 0 . 4 2 3 0 . 4 3 9 0 .  423 0 . 6  OS
Z 0 . 4 2 8 0 . 3 9 3 O. 4 6 2 0 * 5 3 9
7 / 0 .  0 * 5 0 . 0 7 6 0 . 0 0 6 0 . 2 2  0
2 O. / 2 5 O .0 9 8 0 . 0 0 7 0 . 2 5 8
8 / 0* 6 7 6 0 . 6  I S
2 0 .  5 9 / O. 6 o 5
N o t e :  A / o d e s  D  a n d  8  / a y  b e t w e e n  c j u a d r a n t s  2 * 3  a n d  1 - 4 .
293
T A B L E  A  3 6
E x p e  r i  m e n t a l  stra'i n.s ia, m e m b e r s  o f  sf  resse rf -  s k i n  s p a c e  g r i d ,  
C o r r e c t e d  f o r  ^ a u j e  ■ fa c to r  -  2 . / 6
C A S E  5fy /4i5T /b /A ?  a  £ .6 .
54 n:i ms* p o s i t i v e  f ^ n s io r v .
M e m b e r Position C o r r e c t e d  strain, ( fu . s i . ) 4 x/al «£ 8endinQ Strain (f4»sh)
6-f gauge T e s t  1 Test  2 T e s t  1 T e s t  2
A  - BIt 2
T
B
4  5*9 
4  177
- I I  
4 / o 9
~h 1 IB  f  K 9 4 4 9  7  6 0
A -  C 
12 12.
T
B
-  | 2 Z
-  1 3 9
- 1 8 1  
-  2 io
-  131 +  9 - I 9 6 ±  / 5
B - C 
2 12. T
B
4 2 0 4  
4 2 5 8
4 / 2 7
4 / 9 0
42 31 +  27 4 /5 * 9 7  3 Z
B - D2 23 T
B
O
4 /8C
-  74 
4 / 3 0
4-90 7  5 0 4 2 8  7  / o 2 -
C - cIX 34 T
B
4 / 2 S
4 / 9 7
4 5 8
4 / 3 0
+ / G 4 +  3 5 f. 9 4  7  3 6
C  -  o
12 23 TB
4 2  6  
4 / 0 2
- 3 7
4 2 9
- + 6 4  7 - 4 + 3 3
B-6“ 7 T
B
— -— *— ---
N o t e :  hogging m o m e n t  • 6*.) m o m e n t  : ( t )
C H E C H  G A U G E S
>■ ........
Hember Position C o rrec ted  Etraix. (p *  s t j
of gauge T e s t  1 T e s t  2
A z - B. T 4 5 1 -  2 Z
•8| “ 12 T 4 233 4 / 5 7
B3 -  PZ3 T 4 6 8 O
29 U
t a b l e :  A  3 7
p e r i  m e n t q  I d  e t  l e c t i o n s  o f  s t r e s s e d -  s k i n ,  s p Q c e  g r i d ,  Cor re c  r e d  
t o r  Support  m  o v $ m e r i t  , E A S E  S  , / 4 * 5  I L . J  f ~ t  f  Ci. D ,  L . .
D  € f l e c t v o n s  p o s i t i v e ,  d o  co n  vo a  r d .
N o d e T e s i
V e r t i c a l  D e - f  l e c t i o n * (  Cm.)
N o . Q u a d r a n t /  Q u a d r a n t  2  Q u a d r a n t  3  Q u a d  r a n t  4 \
A I 0 . 7 8 0 LO 2  3
2 0 . 7 7 5 / * 0 2 4 *
B / O 0  © 0
2 O O © O
C / 0 . 6 5 5 0 .  7 5 7
2 0 . 6 9 7 0 . 8 / 8
D / 0 . 6 7 7 0.  7 8 4
2 0 . 7 0 8 o . s i t
2 / 0 . 5 0 0 0 . 6 6 5  0 . 6 8 6 0 * 9 6 6
2 0 . 4 7 3 0 . 6 3 /  0 . 6 7 5 O. 9 6 0
5 / 0 . 5 5 8 0 . 6 / 4  0 . 7 0 9 0 - 8 5 6
2 0 . 5 6 2 0 - 5 9 7  0 * 7 / 0 0 . 8 6 8
6 / 0 * 5 4 0 0 - 5 7 5  0 . 6 2 3 O- 7 6  6
2 0 . 5 5 / O . S 8 3  0 - 6 11 0 * 7 6 0
7 / 0 . 4 5 9 o . 4 $ 8  0 . 4 6 7 0 * 7 / 4
2 0 - 4 9 2 0 . 4 6 8  0 - 4 7 4 0 * 6 9 7
8 I 0 . 7 5 4 O- 7 6 8
2 O- 7 4 0 O -  7 6 3
N o  t o . . A / o d e s  O  a n d  S  f e y  b e i c u e s / z  y t t a  c f r a  ni~3 2 - 3  a n d  / —4 „
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E x p e r t  m e n t a l  s t r a i n s  For n a e m  h e r s  o f  s t r e s s * . z d - s k t ' n .
b a r  r e f  i / a u f f  u n d  e r a  u n  /  / o r /77 / p  d / s t r i  b e t t e d  t o a d  o f  /  5* /b / f t  “7 ? 
C o r r e c t e d  For g a u g e  F a c t o r -  Z. 3 7 .  s  t r a  nt, - pos i t / ve .  t e n s i o n .
T A B L E .  A  3 8
M em b er fbsi+ion C o r r e c t e d  s t r a in . (> .  St . ) <4 ver. A x i a l $ Bending 
S t ra in  ( +•■T e s t  I T es t  2 T e s t  3 Strq i  n
s . - j ; T
B
- 1 7 3
- 5 9 0
- 1 7 7
- 5 8 6
- Z  36 
- 6 0 3
-7 9 5  
- 5 9 3
-  3 9 4  t  /99
Jj - Gi T
B
- 9 o o  
1 / 3 5
- 8 9 0  
+ /2Z
- 9 9 6
1 / 4 8
- 9 2 9  
+ 1 3 5
-  3 9 7 ?  5 3 2
Ft 2 * Ffz r
B
-  4 7 3
ff 10 6
- 4 7 3  
+ 9 3
<0 498  
1 6 3
- 4 8 1
+ 8 7
-  197  + 2 8 4
Fiz" ^iz T
B
4 72  
-  4 3 0
+ 6 3  
-438
1 72 
- 4 3 4
+  71 
- 4 3 4
-  / g /  ± 2 5 2
fyz.' 1^2. T
jB '
1  8 9
- 4 3 0
+ 118 
- 4  3 3
1  /©/ 
- 4 2 6
f / o  3  
- 43 2 - ! & 4  i  2 6 7
Z « ~ D,z r
B
- 4 6 4  
4 122
- 4 6  8  
+ (44
- 4 6 8  
+ /39
-  4 6 7  
+ / 3 S
— / 6  6 + 3 0 /  j
^i%~ ®34 T3
-37/ 
- 270
- 3 7 /  
-  270
- 367  
- 2 7 4
- 3 7 0  
- 2  7/
-  3 2 0  + 4 9
B34“ Biz
T
3
- 4 2 6  
- 2 1  5
- 4 3 8
-  2 0 7
- 4 3 S  
- 2 2 0
- 4 3 3
-  2 1 4
- 3 2 3  ?  / /O
A 14“ *^1 T
B
- 4 9 4  
-  /3
-  4 9 8
„ +4.
« 5 0 6  
-  8
- 4 9 9
- 8
-  2 5 3  +  2 4 5
C , -  A14 T
B
-  Z l l  
- 3 0 8
- 2 0 2  
-  3 /Z
— 2 07 
-  3 2 0
- 2 0 7
- 3 / 3
_ 2 6 0  ± S 3
^34” ^4
T
&
- 4 5 5  
1 7 6
- 4 7Z
1 7  6
-  472
1 # 0
-  4 6 6
+ 77
- 7 9 5  +27 /
S a g g in g  m & m e n t  ( + )  s h o g g i n g  m o m e n t  ( ± )  .
SLxperi men ta l  s t rains f o r  GRP trape. zo idol p la te  (. 1623~ B3 4 ) > co r rec t ed  
f o r  gouge f a c t o r  - 2 .  37 . St ra in-pos i t i ve  t en s io n  .
' 29 6
T A B L E .  A3 3
Gaaqe
No.
R»sition C o r r e c t e d  5 t r o / n ,  ( A- s i . . )
T e s t  1 705^ 2 7©sf 3
/ # r 4 1 6 7 4 / 5 6 4 1 7 3I L B t  I 9 4 4 /SO 4 2 07
r -  a -  /7 - S/ T 3 - 5 5 -  5 9 - 4 6
Z L r 4*400 4 3 8 0 4 4 0 3
3 4 3 5 8 4 3 5 0 4 3 6 7
<p T r - 342 - 3 5 0 - 3 4  2-A. 1 3 -  63 -  7 2 “ 76
3 L T “ 523 » 515 “ 5 / 0
3 4 3 2 4 4 3 0 8 7 3 0  4
3 T T “ 5 / - 55 - 5 5
B 4 607 + 5 8 6 4 6 / /
4 L r 4 / 2 2 4 122 4 / 3  5
3 4  / 3 / 4 108 4 / 3 5
4  T T - S o -  8 9 “ 8 9B 4 2/ 4 4 4 3  4
Ki r 4  3 7 2 4 3 6 7 4 3 8 4o l B 4 3 3 8 4 3 2 3 4 3 5 0
ST T - 9 3 -  101 - / O fB — 8 4 - 1 0 5 -  8 9
T 4  2 / 9 + 2 3 2 + 2 7 86 L B t  8 4 4 80 + 1 1 0
6 T T 7 2 4 0 + 2 3 2 + 2 5 7
B -  1 3 4 - 7 6 3 - 7 8 0
T “ 3 9 2 - 4 0 5 - 3 9 67L B t s i s 4 497 7 5 0 2
T - 6 0 7 - 6 3  6 “ 6 3 6
7 f B 4 7 7 6 4 7 2 5 + 7 8 5
ft r r « 464 ■»48i - 4 8 0oL B 4 3 9 6 + 3 7 5 4 367
© *r T -  506 — 5 0 6 - 493oT
B 4 957 4 9 3 / 4 948
9L T 4 2 99 4 282 4 3 0 4
B 4 3 0  4 4 282 4 2 7 0
9T T -  4 6 -  4 2 -  SB
3 - / a  6 ~ / 8 6 ~ /8 6
T A B L E  A 4 0
E x p e r i  m e n t a l  ve r t i ca l  n o d e  d e f l e c t i o n s  -for s i  r e  s s e d - ski** b a r r e l  
VQult  u n d e r  <x uni  f o r  m l  g d i s t r i b u t e d  l o ad  o f  IS l b . / f£ z.
D e f l e c t i o n s  p o s i f t u e  d o u j r v t o a r c L
297.:
— m i s r e a d i n g s .  & m -  in a c c es s ib le  t a r g e t s .
hi od e T e s t
No.
V e r t i c a l  Detlect / 'an ,  C Cm.)
Q uadran t  X Q u a d r a n t  Z Q u a d r a n t  3 Quad r a n t  4
1 0
i -  O. 369 -  0 • 3 3 9 - O .  3 3 0 -O. 24 /
2 -  o . 397 - 0 - 3 4 5 -  0 .  3 2 9 - 0 . 2 9 2
3 -O. 357 - O . 3 0 3 -  0 . 3 2 5 -  0 -3 0 /
1 1
1 - o ,  445 - 0 - 4 3 6 -  O. 262. - 0 - 3 / /
2 - 0 . 4 5 5 - 0 - 4 6 6 - 0 2 7 4 — O - 346
3 -  0 . 4 3 2 -O. 4 2 0 -  O. 2 9 0 -O .  3 2 2
1 2
/ -  0 . 2 5 7 * 0 - 0 / 4 0 .0 /6
2 - 0 . 2 4 / -  0 . 2 0 1 O. 0 0 9 -  0 . 0 / 5
3 -  O .2 0 9 - 0- / 8 8 - o .o o / -  o . o o 4
1 3
/ flfc O. 5-40 O. 7 0 0
2 *  * o. 5 5 5 O. 7 3 0
3 * 4 -tfe * 0 . 5 6 5 0 .6 9 0
1 4
t A 2 o 8 /. 42 5 !  . 4 4 5
2 /. 334 & * * 1 . 4 3 0
3 / 2 9 7 & 4r /. 4 8 5 / .4 8 5
1 5
f 2 3 5 3 *6 *
2 2.37* +  * * *
3 2.355 4i sk + ■$- ’
1 6
1 X
2 2.890 m &
3 2 9 2 / *
A
/ 2 .7 /9 2.738
2 2 .758 2 .1 6 7
3 2 .8 4 / 2 . 1 2 6
B
I 2. /3/ ^  5T
2 Z / 8 2 ^ M
3 Z / 6 B * ¥
C
/ A /& 4 /./43 ^ ¥
& /  / 9 3 A 137 m >n & #
3 /  / 4 Z A 2 3 4 ^  v
D
/ m 0 . 3 4 5
2 o . t $ s 0 . 3 3 0
3 0 . 157 O. 3 4 5  .
F
/ - 0 - 3 5 3 - 0 ,2 8 /
2 -  0 .3 3 9 -  ©, 272.
3 -  o .  3 / 4 - O. 2 9 5
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E x p e r i m e n t a l  s u p p o r t  d e f l e c t i o n s  f o r  s t r e s s e d - s k i n *  / D a r r e l  
v a u l t  U n d e r  a u n i t  o r m l  g d i s t r i  b a t e d  l o a d  o f  15 Ik./ -ft?
D e f l e c t  i o n s  p o s i t i v e  d  ocon u s a r d .
T A B L E  a  4 1
T e s t  No.
S u p p o r t :  a l e  f / e  c . t i o n s  ( V e r t i c a l  } ( c m . )
G a u g e  1 (Sauge  2 G a u g e .  3 G a u g e  4
1 O .  O O l -  O .  0 / 0 - O . 0 2 3 O .  O o  I
Z O .  O O / ** O . o o S -  O .  0  2 4 O .  O O /
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